


Institutional Archive of the Naval Postgraduate School 


Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1988 


Issues and strategies for improving constructibility. 


Berenato, Daniel Andrew 


http://ndl.handle.net/10945/23282 


Downloaded from NPS Archive: Calhoun 


| Calhoun is the Naval Postgraduate School's public access digital repository for 
D U DLEY research materials and institutional publications created by the NPS community. 
3 Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 
KN Ox appointed — and published — scholarly author. 


LIBRARY Dudley Knox Library / Naval Postgraduate School 
411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 


‘ ’ 1 
! . 
ry 
* 
4 
ot 
' 1 ry 
1 
' 1 : 4 
; Ue 
' ' 
4 1 ’ 
1 1 ra . 
pie 
oe op 
' 
’ 
A 
' e 
1 A . 
+ ‘ 
' . ' 
7 4 
s 1 
' 
. 
1 
Vy ot 
e 
® 
' ae | 
q ’ 
%.' ta 
' ' 
' 
' 
. 
' 
‘ 
t 
' 
. 
1 ? 
' 
1 
* 
ry i a 5 
e ' 
‘ . 
1 1 fat) 
' va 
é “8 
* 
a 
' ’ 
‘ 
8 ‘ 
' ts Cin 
' 
1 
. 
' la 
’ oA 
' ‘ 
+ 1 
’ . 
' 
1 ' 1 
® 1 
U ' ' 
1 - - P s 
Ut! 
' 
ee 
' 
. . Pia 
. ‘ . 
'‘ 4 ' 
. 
2 a 1 
' 
a 
' ' 
1 ” 
1 ' : 
Ls 
u ' 1 ' 
f 1 . ' > 
ye i] ‘ ‘ é 
s . 
. 1 ; 
uy n 
e 
a 4 1 
‘ te - . 1 
‘ ' 4 
’ « 1 
. 1 7? 
' He 1 * 
. 
4 > 
I f See is 
eens ' 
‘ r 
a ' 
0 » . 
5 " Jey 
‘ e oe at 
: , » 4 ‘ 
1 . ° s 
e oe 
1 ' 
' ' . 
* e ¥ 
' . 
' Cie . 
1 ' 1 ' 
5 an ’ 
" 1 ' ‘7 : 
' 4 ‘ 3 
ef > ¥ « 1 
a . ‘ ' 
nd he i] 1 é 
u ' ep a 
1 re er 
1 
aoe ' ' 1‘ 
4 ‘ 
s ‘ 1 : 
f ' 
-. ' fe ’ 
' a 1 
1a 
’ 
4 ‘ be 
= « 
' 
' ° re 
' 
‘ 3 ' 
' 
LI i] 
é ‘ a = ’ 
” ' 
a . ct ; 
' * 
Ld ' 
1 ‘ 
' 
¥ on 4 on 
? ' 6 
1 o 
' 
‘ ¢ . . 1 
a 
1 Che» 1 . 
é 3 
' fF Fd 
bag 
: ' 
‘ ‘ ' 
‘ ’ ' 
1 
‘ 1! ' ' 
. . 
LU "@5 1 
' 
1 1 ’ 4 ’ i 
‘ ' 7 
1 mo e 
s s © 
J 1 ' . ' 
' ' 
* . * 
af i] : : 
8 1 2 
‘es Pe ? 
‘ 1 
: ‘ . t 
Lhe ' 
® . 
1 . 
° 
¢ b Fj 4 
* ‘ 4 ! 
ta 
1 eal § 3 ry Ye 
bd ' 
. Es fin te le 
a 
» 6 
. 
® 
* ° . e 
a ie 
* ' 
$ s : 
en 
é i 
' 
a a 
e 
‘ ' 
1 
¥ "5? 
i 
A ‘ + 1 - 
tas U 
‘ ¢ : 
. 1 4 
* . 1 
‘ 4 
s 1 . 
1 bY] r 


= a hg SH thor? Wh AP off ietred Oy, tasks ABBY Oo O 9 baBAcaa b. be 1G BI92A, O18 ATi Led ead? 
. i 7 ty = «8 ae Pete ow oof co OPT Bs Gcktal ‘eo hts? Pepa Labbe 8 BAG Reet ate al ith fe 
’ . 1 > ‘ ~ wb 


4 « > 
4 Say 
# mri ‘ 
—, A i ; ¢ ry Bvt! 
: 


‘ i *, eas ot pn “2 ; Sw _ We F % OA AA sie aoe Rr adayd Sing ef wun as. Haken tay! Pes 2 paces i Speer tpene & eon we bor 


a i sR « 
Q >i : 7 Pe nat iz 5 yet ore wa i] Pg y ape a PT Tr ald ol aseors 
, 










a 
Ohh se 1 Pi RARaK WERE Pad AALS, ade fia arnt Rep ah 
aise bobcat nae mtg gen 2 Hi Hite aa 


V Uddrhe Aad Lplnnsd fours B18 p et 
eng Po fou. Ast: 





Rigk§ Nano *5 1th} Ase 458 ba! BN On: Ae eigcterts 
bs ea “S/N, Bs er + erty 4 sien sibatgehsha tastes ty Ws FOG Rate. vast 








4? x 
sche. eb als STR EO 
Tey Ee ea ts ee toe At Mi Mid 4igs  ALMCR WRAL 
Bsc rm sacdaials bats os Boga mars masta aie b ay 
ie oR RP 1 dae * é Py vy) ’ 
ake aeAcAyhoresh WAT a.1 ay ps og Stas MS Rg ORBAN BO 1 nl a 
“4p bday Vk Cr lek, Aiea AEE PTs Prope ake 
, : . : ace * AS te Pits 11D LonedeSha) Cases eal G MEL s T1GA L084, DUAL. taste As timy pers ae Ad Ma Ve 
hw te? ‘ Cha | | hy . te Ww 24)! 49903 Loiihgt ings § Die eoXsOoAsbORde A FeATe A eeAIala. Pn ner 
: | pot) Sate Une Talctal MMe Mainline deh Sica me cera eared ate tee aes e an tae arenes epee 
: wen 8 Fe hret Seah cafttetes ei? Hes # 3 ' 4 ~~ es Is r ap 
.; Whats tf rnbadod ly | ‘ ney SP Teen Tee SEPT ror Ve np a rh aot as) Eas us aassiinee sashgcaid seatqarn Francesa AUDA Lee 
\ 
} 










iN te8 pees 
rere 
arrtssanh.ereemaareah tt Reoetertiemeatee 
% sseascngerec tae ARERR Oe OS Becks BA Bag dat ee Ow 









ay 





Ae aed 
8 OI I Nercteh Pas § Wg h'O.F, ied 44, “4 She? whey 4 af 1108 Paaiany ete va Maaraes Ai beep pee UR ote he fe apcapes: py ve 
ry be ah aar mre A APA » ta 8 Bout yaais Who tele bards 14ts'e og he Met Sat va! Ras Ly LS Negrete: fl i xi 
Rotech ark So taa te rae ote wh} ae, o fi. pga a pasgats srtRetg tehg ris Popa a) 29:01 helen tan Via 4s u iaatalair ts igiaias Ayeaeneanay ans 2 ip hel eee Bae soeaatn 
ag '- ‘ ae” 4 the ' Ta ra7rs Me Sas oD 0.41 AER GO, 4, BERsded Fe-BSRy rng le SACORO LO YR 2 OG mE. ARES Mero Laing 
ee &ie et 2149" 99 es! eh” bah, Lav ole Fy r 3 os be sArgubiy RTT TNE. FYE siommeazue a heteesteanare ASA eerie arbre, F epeeppes ae een 
re J J v Sat : was A aa hi Peeks Aah AMY Lear AL yy Pres very by At ae kshgost. wast aD NAB CEA oY, es Poa OE) B Polls (ONAN Saree par eiette ee een 
‘ J Me » 3, ee! ne 48 pe Ante % 2° Leth vee Me, UY AIG Rod, Rh 60 oO, Lone $s Getta Ae 429 09 fe Oye Aim Ore ce Raters aan sole oe reckcamtanspabens’ Beate, lop eadeed 
7 aE i + ue Perea try » ADEs iga, ageee ee wa Bat § 1604s Ua ats AB ans mabe rv Secale | tah esacredi aga bs trasisanngnbapssuaramonangmaracepunenrs 
oye 9 ' . ws FO ALDH 1 i” ppure + \.a “the, LRAe eet ash BR “yen be Pitas he POST ak atl bed 
ran ae 4 J Mgt. 8 PAY) io owe til saana, tl rte mc ‘e y eepd-caiaes Coie Cage igh septs eran rt Wie abeh hear 
aoe w A he Aa AAAS HALA G ‘jyy@ CAA \& F Ya tay Mood Yo arr Ai >. MADR My Psatie “she OF EPs te Reds ADF Rhee Ase smateresh Me Ag wadl eochrbton mea sue acegconet one 
’ Ad Leigh te LL | ee Od, ° dees a atin. Wea s) Wor yey rere tre Arr) O° Rg Cesar A ae ineas Moen, pesnaeat Oh ret make wegesegeorenes ee 
a ¥ ar y ' etn 2 hy be bated: Igo & £ DaAga has oH pe 8 tt MERE OU UPD ORAL Fr OGA ID IMe hate SB onpin dyn sit Simm Ade y petri. 
. . & galas too FRA Dal Ve be odes ACAD) nate Phot Ate USAMA TP as Wh fo saat va fa ABN AP OOD Bs NL sTUHTATEDR teams OD jae 
Agri » AM wt dee ‘ 1 Do “APbarS ry Bits neha acegieias M1Dr Us Daaaas W be pre MH Ase MAD Cy le pay el eeweshe 
I af , eee Oa bh Wogna oa, tt oak, & Langeke D4 MAPPER ATs ae NoaStno mea pines Parr wdgnsie 
ete * oS Sane hs, VN a eu tass: aA yey ret Th te A REM BOM 8 dean pms aN Matte MoUs Rs O0la) Agasramee- sere when sea ee 
Sh ov We Re hei Mig ss west ad atew ae Bi? ae eae 2? ary a 8 CYT Ste fe Poa Pe wh opr TOT Lr, sieeve Saas yippee: ns ppclomeatche 
tied Ot eM OME 08 Re ALMAS, Oc) Fg QP ts ROR aah ae: Ayarerians pany tO, Aas ar NiO 0.81 Reh pes Re Ra hy SiNten Nat ed 99 
’ ; “ me, § + LG AL Thee e vEstagyge wd ERS, sophia ahi dea Ah Vafinaueas wos Bo cusbe & Narstehnacdne fe Ppea ere ge) Naa epararas eens apunetes 
'; ‘ ‘ ne hoe tw ae Le Cok ar ho wants er a ele ee Uo hit ep tye Tew aya ‘ax Deasngnaen eu Pirie he, 53 wwharae se’ noMenen. © her Birt ea ste Mey POR 
7 a SS © hee 0th ’ AOR GOA asa Ut pape 420 tO ASSENIR MAA OF AS he Ne head Fate we. Id ApPretest eB 89D. T op UA ID VIAL DR ERD RARE HE eArees t+ bog Br Mem BN ie et Cs be Hy RO 
ye % ur prea ie vt Ay ape VER g Brahe bi A te MeMelats Wr WALA In ASA gee As Ad De® Loner a eren a TTare. s ete perry Hyon tet oeeegt ll Sens UT te be mv aitt 
te er etog ‘ % Both My UB ke tan vita Sli: Soned sak Basse & » oF AAT 91 Ae AO Be OR 694.'ag OI ERIND mate 4 "wea “a bemoreraperper ick cyl iacege: 4 bone 
, ‘ a | pater’ yy Jrlnee se ba” BMDP OAS MEHR SSRI Yo OM, >. tp Pi Ace hse epg Sart te | eres ap oe 1 Pe Ca Aa ph 
sd tear A 4 ew 26 @ | th rte ea tru sp Ye tpn PE Ast ye eh ayrthe, Wilh, bp aTAL me O14. (hereon Ss daa \sachess whingtne sraneees noes Be Motes 9 Lane tie a 
a A vr ; me ’* pox 1 trie ay S. a» agS abe ut: Pad 2 i 2a uM, ey ae l toh > DIMI AE Mi Vee os Torte Me TWAS tpm pha pees bed penntcacastee ie bags Shek alien tae 
1+} CL i ee ee | 24 Bhp? paloma: Veto ead Nase At sake £4 msde eh, Yoeroka oS, ston ma MOIR Redayac aur ptvagsd liu hogs aesenioanae nent Dy Re Raed se aewaa es 
,*™ , « 74 fi 3 nS, Ay hy GAADTUGRUAL Ye Ok Oh MUN ERG Anas A tat ee ty tah shane ners’ ay peor as Von RAD Bhd. Weer o se oe Nmbes omy ¢ msmsang! 
Py 2 a eye "yar, ASO GtiD Maddy Aeotsad Sedat Diigng AO OPR Arde yo gtr Ae Ag As DOr ap Meat: ee rey § SRGAseg Van sam drs W Ure fe FAR treme 6 sae < 
A ra ay} ' foal 4 MMe" Git Alga iba Aobe Hed B/%o* 9, bh a Ve, a mn CUTIAIO Ag aconnbagion iad ey DARIN | OyeGi vee Moy rare sapere.’ Dasecrencenn a be peherimeaat 
ek fo i ste a 6 Wa ok rye My a he mah nd yes a BOO VESIMEI Se oA ROD MMOD IAI APM N ER, ve Qewhet g MOCO RS We Fs SEAR On Me! 91 Ary 049.0 Ae, Pott idtemaie! oN 4 i pervert 4 
- ‘ ‘ “hy t ew tee get bh a ts Shanes ty LOMB Sac eity 5 feoh "OLR Aw Apmdong Bp yer Saks Bebes, LAvadnehy, Decalnae one? Weelea, Wedel PON Te he as ee hs Garenoe Be 
: iy ’ Nort & he af ohasy IL aeeas Jrae > Vat? 941 Binh Bead am Aelyag chon ad ag tz ek east ebay rity atesse Ata Mataleaner, rater bchhiecusdipetatnbamcnery 
i* f 8 ‘ | L tO Ast ey LI ogee. 8 ot Pghihs A*oP A937 eefage ay AL; ASN Orezag\j etait! ssigh wo Seu ibs ui. ee eth hel 7 ply 
ts : bY oh ae oy ue ad WA ay ir wer ott NReteal Wha eres ihe ler rie sy gt vrais hake peat Ose mati colons Ages Peminw a: ad 
iy ve > fa’ 1 Beet we Ute a Ada 4 Prva ~ 2 tety D PREA APL Du Opals So tM 086 8, Wa Arnid Ome VAIA MY el sph Le Ne uate Nhs apn ry a agen Irn snenatens 
} We Hes, aX deagee 8 Jae ta Mn 9 be Re Nay TEC UAT, — eottedng tr: (Re ging o> Omg Scag BO) had nae, bere dseengsse spogeaitah Page pam, Cate ey te LT eal 
F (‘gos \ doy i "% #4° Mghs eaMiuser? aegr val athes packs Wr Od rqags “og Saad, Se Mppsny se sy Sat gs ei 0 Nay WN te henenr ines ee eee 
’ ’ ¥ ‘ ‘ ee ‘ é:2m She b MAtete® Bene getssAgt, ase Avetimta we heeaas tii one top te Sy Mer bs died Fd ae hdl “ 
- a. ie ‘ heap Is yay *h en, uy & eve. 8 te bn gee hats @ . eegestey sy viens O24 em whine ebciin dicle ale | aquiagneerny peewee lea at 
t Mr ied maelte meh vmin;, 286 VaR asere Ager toecka uve Pe Da cement fa Ege abies ow 
shake Tom Wey ’ im phr astaNtee eek eer ee) ee wa nsRen? Aets Wre! er Ld Oe ama 7) 
mm & Bgrag ete Agta & Qfre our 2% LASeNE AL! ah + at RA SmtoAte Pr Rp Got pee wae By bw hee Asia 5 err amnes 
3.40 ‘ eh A te he Lae apesé b ia P eins Ac te he S Pyar bate > Saethataemesbardors tan SpE 
a i . apt nano het ee 38g Lee Fea sana ies Creed! eesiscee the en a2 qsesawetn yes 
y ay hp ht Nw a vane yi dag Bat alge, a wre dade | aetna alice iain Dee ded 
pom 8 ze 


Mp Pg nh WA misargtyeg ayer apis idiainay ated | van Pacteetnet Mane itp se re Se 




























a , ® 4 af eS sed ve 1‘ I 4 
t Le | ¢ $t a) ‘ ayy ¢ .: Ny 





La ' cl) 8 s at ? 
* 1 ee | 4 é e ro ’ as % Vie me Baty Uy 5 
' vy 





ver vt ‘_ y A te bad 
: tw, , S Vt ate NAS 
: : ee MS os 5. & ws AY is in 





iri 


Pa tahieds Niele tf-y nes — pas gy Seep pmagaitgen’ amped manent up yar: Cees 
& sen qsacifige Sp a,eer 6 aahe ee ey Yo beanies oa “a8, ay wt De AF re cane stehaes} = nagtesabrantan nace pipese eS mae ete 
ae PANTO ede Me Bip ®t ft ane tyes torr ranett Leigh) Fi amg bet A Sie eae 7 ah ated me na@ans’ 
Longin elated og gry Sets fete ets » bee) ce wb seston ee 18 the oe” 3% vine eos Bn Ayar@et » 
wu te ge hts Mes op hp ehey ae Reseas! Taare WI9tD ev at oe ne ersatosead Ricoh “Mens Sendo eig sete hy he Ped awe 9 
% 


* ‘ 4s 4 ‘ 4 ve het ly oe ee ea er CAS ere wayne, Ye arate LS elite! Bash tence oye tite ae 
. 1 Mi ‘ eee oes gly ey hy h hen ict Sis bid 


»®» ¢¥, ‘a Gre pear Wit PUTS NIAC EI Zs tgd. 9 ity neh Or bo 
: aoal NF) “4 to 2 iss @lest 8 oot paged ng atapeg” mt ehtis ne 4S) ge teh doe WMA MET eseriten citar 
freeing! on be prem Vo te wane Peale t/ 


Ay ee en Pe NC LOOP Ten ryt yy Pee Py pry Ore LO an. ahet cine Seated 
pa Ses EEG as Se : Jap Se NOyy Teena Rennie Seales 
io a te “ 


Pom) Wastts aod’ prgue ,%, oh bees tate deere ah man ents ee ome hs 
Ftenery stehra oe Le os amt ¥ “ So tyed as da aunene ys aes ap hia amet sete ok Nee te mee 
¢ a a ta. vay or ae WwW ey has apopectae Magn ra, WEE fipheme hk 
he 


ES SRPN YAY OME Fak wyctes'g spicata ark eS near tp peared 
a, 5 a a 4 - * « Lo 
aah, St a Pe el eis s fe rs &? So aie ee, 5 se i ‘3 ac d eal rae ta 


é .! Ted og 9 Sgvah Pa ho 
¢ Oho) id eet hd op ine set sa es ert eters . 
pyr! bbs dc a ’ ainnens ne Cyt rs 


: 1 ‘Ag hate Ask tals 

niet a or - : 

a, ass peste yeefe ~ Li eghy> Ryn Moonee a Cee tN TERR f8prghe 

oats way apnea rif " Sener a hd Ja, OtF, Me ay Ma Nwhee pe papse --Pvege 

a ots ee arts Oo i abla - c= » wie 

eae fas, ey pie" a + Rio tat ita = Rhine Caz te Pears ; fey eerie 

at Shep S tem ones) St ape 2 sory erly Som er ety be to ty 27 Eta dregtorte ree: ? 

are en eM Bab oct e achh ae bods tae, Seed nts 

. . ' ¥ * An » gt . e “¢ 

a ta ey Lt ay we? t B 40200. Bite aed 7 pao = mir rf — 

4 wm > ass Mia ogte phi nae Sch Tak pine oa = a 2° pr, tra 

Fie 5 fergkire as MMNDY mt map ae = ud nan «¥ ree le pie ey Pars pe ay ie 

& 4 ~s Tepe tS ie ye 9 7, < pu x verge 

(Atusl af fe4 Foes! ale oy i Ses Oa SE, SS paaite A nS beep nse oo pistig kone emai 
4 EY bh tats he: Gadese ae ai lng vigyyisns 5) 299 Vine fra ¥3 i” p iy tea ae ~ 

a x rc Lee (ie “" Ce eR UA pane hy ie Aree nEshohapeet 


ty vee : ES tae aX ye id TAO ro, FES att See pagounoe, w" << 


ous tf Sy ahega a Miers ws Oa BE 
ARR eke ats hy ae pak ode Oy . Ante Stier, Sete or 
[ yy Ci pap £. : 0 ¢ wetece mF the hee ioatee 


eer ty Cpany + onghete cbebsige Y 
pd ee 4 ey aes ghee a eet en ae Ze 
iis raha Faroe sak bby 9 bere 
re Mets ey Hie er ay Ae cs 
wy} gus > om Sy a i 2 
oe Bian in eyaber +: oie 


aids 
Sane 


o« PAD 
oe 
ieee 

























i 
I . 

veh rae (XE 

“| ae pases B me iC 
' es ry pt 7 ar 

; ey Bil cgert 

ty .* it 


Pr 





aoe he pF: Oe e 


















Tie! 































Me ffs; 


te’ 


8 
See 
ay 






: Sug Tet ee 

ad A ae 
ae oy 

‘ Are 


a 
ie 


sist 
wie’ 

trbu0 iid 
arr wet : 
aS Cob ofp rets 
fe- P7t ate aaArhs ~~ 
a so we * ip Avr, ig go oa > the rns 6 tr 

¥ - A Ae deat eee Lyon Sing e = a Tele we nega ees Nemo 
ak gig joa - Adee 3 Poe Ff abs dem “ faa ies 1, ee Vogl Spe oro g xs 


et phe ae eee Peg ra eayeyg 2 trey toe val <7 
i! ae omy est ge etnahe Hag wd Pan Pe > Ae ae Pepe. ¢ 3. “any Fag Seat Rapes prey 
D) Sat 










a feegs chine 





F 4 : & — ¥, tant wens’ “¢ ' Ape Sse aies 
Lt . “ a ; f° * Af . a 1 os * | i ol a el ' Brass ae 08 ed ie vhs Fegeds s aw Fo eeapor eae 
F ~ ore wp Me fe is dyes = tae ge rat » d ‘hata wL yee ik fenton dol ep 
fet Par) te ve> & Ariat 8 J ok ate “iP a as eee = - 
Me vy owt fae ge ey = re Ay ao Aes x bier a wt Aamiadatin ar 
> www be were aw 4 awe 2s F yt ou » hawiet red oh A tua ow tplows oer igtes = “=e 
ws Oy phe viet Pine te f? Peet mets fata cad nS * COTES “hae Ee, hae he: Ba? erviriog 2) om ate pas caete 
I : R oie raf ai ghee ae avite le) Be i, oo eeeel yin 'p _peees 5 oy we ie fen 8 eww e, ee 
ae ae ‘ owe V sd i «, wh w shale is ae Od ge tye peed bee ey “ Gihtn dys a ai 3 aed" $2956 lb 2 eae he rape net ry 
aE : » ’ s f we . i Ait fis Sele ee, se) Hie tga A eee > a Ar ~ Ege epereraiety: oe rorkgeotes, 
1 ¢ mr ett a 1 %e a ye 4 # pire wece Meow t Ope Sane ae gt be Sabie mye “i « we Porte. eet deoke yo A 
2 7 o wet +r pa wwe? 4, et ov stot feet ap pe 7 Bc z ye! ow dow jah bd 2G pres 
* 5 se 8 to Bi We i 6 1 ey PM cs sh aecyayiee es * be aA Spe 50 eh ag hm Port a” hie ES Dee woloee eoummen POIt 2 ww eee ge 
¢ f ' 1 Cee on ce Me fs ij igi ot P a! shee ee Sl Je eo A pe Pe A Kee Pane # van AT acs oe 2 ped Sppeginas Fie ie aren mee om geet haere 
wes Pi Baie Se ey ol eee he wns ra. a a wt ft maps ene re Oe ee Pao, Ane a FY Sedeahneat at att ati 
ia hes sates ae Be ot at A pecs: tatel chia chou pate a: igi ele et 
4 Bu kt Te ° ie 7 inf re ghee Biss hin Ae yee lath re eteyye mete, ort al pees apapated poke rere ne ehew = F xe 
es) : oS Ae ee. 8 eee hee yt A Ral pe OPN NO om Bim pee 1 ™ goal fh inate eal gore ees ge abekasstd cstartpeegee 
a ok ds | aT. ha Tal ad) G0 Baber grag tet, Owen tae Dial hee Ame. ayiee.. ee 0 ne 4 
i 4 A 4) G2 um ore we an 8 fab dee Sitin agtnr dy vert at 2 pt ot ersingy soy! ~ RAB vlghp ce poe etapa Coca 
~ Ericye bes asin 2 ay jo 1 Pe Ow he aoe oe Me Ys roy 2 its vite sytme 30 hf patget 0 f 4% grit Ngee 2 Leh Cus ain at Kogeley He og yer mage 
ty ow ba he “= - y Pad an ay stiles m8 ter iE Aoeteet ed og 1 Spx A Wo ela t zy ethyl Peitiutperere whi on ohm p> Py ” bwin potew AalvplocelS 
tu « ¢ ‘ 7 + 1 ¥ g srg 88 gg a stgit t Wee 2 Pie Unesbes yha Sw wydos) o a VS fas gee wy atat ?! aaa cm prt stl abe 2 fa a Pope et = a es ' 
ae een e ‘ R — ¢ . «! ‘ “ ' He Paes ort , a8 Ary sek gces pt chp hove wt tom seaels petels To Shas in Sper we reper 
: e ‘ $ 1fe @ 1 i ac ahas oe gee a eh dh Adty 0 Bi er Gy Ride Adm Pat ht pew yt oak s Seat irre esteem rere 2 Se Sey yopnd 
1 . ot ry ry Pe 1. € ar . a ae pO atete er pine aw Oa Ih sit pint og hen Aalewm POY yore B eeeyeare » prea~wr ee ere 
y Pee ore - ° re PY i Ayt Mm) g&- hot of at emerge orm Ahy. eel ened res Lawes tpt p> Bee yeoror Le Wests tea od id we aps Ghar wdc Spent awe 
& a ~ ‘ «le ‘ aigf= yn te = a eet 1 o wD DO fi whdaCayen ast per 1 4 pr onretneyes poh A» otto ly se bmaies <i pea Pate ala pepe te- oF” panmog me 
P| * ‘ i oll ll Bi tees pt mare 9 ts et ails Geuht st eet a9 o Haseeteree rt AF # ee vee ae Leigh PMR oF gn pews Smee _N 4 
. 5 ap A! ‘ , ve wt ia 1 f PP. = eg Frty oF wee whys SPADE Fhe pel ats Obige ong hnh ante 1° ed Pr 9s ramen eid Meet eines iNGbooar pk | alpen eee. 
“s Patt ad in? eee Foca’ arn shea AY OH AO ee AOA RY 1 a ees ihe Tepes Fete Pp cles [oblast at kad chen aiabeiaaee wean 
' ; 4 ’ “y Pr an AQ IeYee i BeUly ee hy ere eee gip et Beer Oy tility dar ry We re Odin al peetti sey Seger 0090 eh pe ht eer 
F wri Ye ee pi D1! Lies wi 0 AG WO het, sig ew Owe A etnine oe > ge eWinte Aig wiih! esol es erty BAGS TWP ae ey eee Bake pt pay ot COE dormant + 
U a ftv ’ ' sos Pets Pewee ee wee arate pene £2 eSer 52 36 FOF fats o one’ - Ngee or cceee shower paw sree or POV FC 9EE 8 ar OW ar pw 
mae an . red Op oa 1 ay a Ou Nee 1 che pre ene abs? echt gP THO Maa dip, Asti thera or 2° Nol eal ated ee ey Oe Be te 
in ‘ . Vs, Vee ee TU ie ge eifg¢ HAI vores e i - tty "ge Seog very Pe i hit ead win see re ot» we Die ab ole 26 Fe olf s Rate FF parted por) (alae eer aee Paes | 
cast @ 7. eo ° Pa ee re Pines 4s © ¢ fo wt meghye an bye VA it aw page fs Adi oom gagh cn ae Pd were 4 5a eA a gee Mik nia Hit Yo wie amen aan 6 rh ape Oe © 
' ’ rete at ee Wee: OM Ee tit is Le Slr tty caer ten wea coces the ins 717 efise o Sra at at iat oh ain emegiewepe F BO eS ee a he 
rare 2 . ts = ae ee eee: AV ort Puateter ot ole ip Po Te NP en Ry ern Es Ie Pata geetinke prgegh fo Tepes ext slim ae 
4 4 oe LIA if - ae NS J two ts law by we +2 we K Son Hee et PD, £998 ry bumres et F FO MING | FV GA mH Be a Me br Avatar at ou ieen ee 7. Sirayapetreomn cain han Sones asa 
e rae, as 4 oe wet A gtk ou ‘9 76 pte Wor 8 ise aban ed Oihalateo eal | May Mgt p sree PN satel om r vonger Ce Thee Spb vevrawag? Ere a yet a 
) ae “; : BU, (iat ‘ 5 n't Gs pee what FUT ew hy ah weg rrr Yt rane eres netre tire Chuserode: PP Fad pqbeom ate ee pi rbpee: age rath sa amiss a"? 
rare = : fos teed yp shy athens si mw pe gta ia eMoodend Paty a fab Moho torte pera yverye ie: jaee gl fg caer wokphr PIARCIA Seep mora ON Le oe ona 
y f . 2 F 16x" a! tte Way weet gk, ey +o PP Le Fob PWR Ms Br OOM Iu eet orem ext hab phy MPL EMG: Myrmbelsd soi si ydahSrgeh a0 dn n> ia? byte we hy ontet Led d thao cnteh RIvGa da. deeatts teem 
’ * , z H Stee 3, eens $ 14uPr aw £8 Re eet dee rig viet gaertte® Henkes eat rieyet WONE SY of a rie Og ahet Sigh eM taco sy ng png olimwegnee 
sy £ pe oe FPR | n't Ae we re stwvi W4 on) A a ees Me a al ee eo le Dee a setae fone Lipa atie aceon ate ptatalt aripooomne ere apnea ee 
' rork ad ew * (PO OTE 8” A 2 a hat Ane MOMs By ete nar adit oX ee al ee a ee et ee 
ee ae ee a) Me = tig PIR, Pelt em are eKifiee eee wir evopes ope wa 
1 ye % Ve le ¢. ©: re, . Pees we ee, RM Pee eH Ate sirgep ee eT gree cae pie avi a ee" Ep emp lebatabe wnn 
y gee) yey a ¥ sah 16° Pee + ee 08 WARE 9 teres ona whey © wl oe: Rie meget eae cee ete Ter 
. ’ * a Oy 6 * mia 1 Fg RE 6 0 6 Piet AOTC ee DWIAT ET wim Mri ge PPT Re an OO og poe OS pv Os ot wree ab an 
OA. rms 6, A. & oe 64 gee Se atts pheszd 41 Sete 1 OR VE Pe OPI YT Temeyay poe Arai ronid-ed 2p. rd Satengrwre v naga bee one eae eae rae 
: ad 4 La a | VOU LY st epee saw ony, vaewe tg wand CWRU SY anyehie 1 ted ge See eet) soperor ve ties) ys oe ge eee ee ope ower ga 
. ‘ vive AY RI 2 OE HO WA CHT HIN aes OF WTP Ere de ee ot ectiaol ge ae ae sevee ert wae entpoe nas "Ae cebu ae 1 oe ao ease 
ry Maier  sietgnes? iy yee? on Fyre aN oe yt 08 ems AN Aye WOR we “ Pal F660) seni tee wae e Fat! Hlad Mereatecken pcre apatites 
Pe Or CR A PIE ae Btu: beret pEreyrir™e Wh? wip & g 011 ep Mee tat ci wry be pede GH Sage a fod iirc pep ace a me 
ie re te. 8 oe vt +e pe etedal — eapwd Cael eta Ye! Sales a Woh igre? pb loo 2 Wi gts baSeeae: 28 ores sae FS 
ie ” hee cow ares avy pe iiap wear’ 50 Scr pessoa FPS Do So EnatN hE PENI eye i per tae a eect gee cate peor 
t 14 * al ane ad PPA er, ee ot Pe AT umes? of, 2 P ae CO pal «2 ows o8 be eed rer Poet Prenatal earl 
- Wore EN 8 Oe PMT tee ene yt entpen ’ oa Phil tials sh poring Marg VOUS A ee re S i that hw EP > pa maaree GE IT 
ag “J ir 1 Awe Ore 42-7829, pegay? pvraras aly! i te Suniwantee race phate: 2 gob a a9 5 owe iy ie a Sete yt 24S ty Ore er 
ae a) rs id a; pigs: patted aretaryewPorasrie te Oy) Fe pe wees 8 pa peg Ip hy? FOO UTR E REF Ah nes! pare ewe yy teeter) wh seman antes me ote anT 
“wige ¢ Bait NOS pt.0 Oe Ova SEM PPP PLAY 930 @ ghey’ tye 6D Be pate Dive fees oreoncareen pet ee armapionmedorer sagt te 
Wy 6 ign ae “tad AG iE RAWEYeT RUT | 1or alee, hairy preg’ ve Lat seh aot phere PEA 9 VeRO OLE le Fe ov p90 44% LIN OR Meine PI! aVindurra et, 
i ec DA) sO) Bly © ree Biase! a aed ah diel ah dell all DAY PE ce view froin labs ott el econ ps one ered oie PP mls Beare s yo me he gy 
rage Cha orn 7 awn enh e J 18 HM Ur Gwbig a. afer th eh Shenae poe ep oes Sykgienal seppbpiewteny mveerimgeneene 
- Vs nd b ga da? wie pias Oh aes Pay a iyiae sup vy: ae Ra taept ards same ae j pes eT Herds, depend aap es 
Fee eee oe barre ee AY Aw eeay ereemry ie ie Eby py Spownatie Sri nists ie wtlreteic wai-ape beers veer 
- N ty 0 me eres Paeatt ee tegey ew trends ate oe pl te we Ld ke oer Rosie ees cree Bie fae fe vey Ey 
Sic 8 ly Ae ee f » 1 tS 8s 1b bey to Geng dat 2 th oh oh ih Ea pe a BE Bd Ay cw fyee Lge rt IY rbd; duaph of tas ete eer Seay a 
Aor, ‘ a Vn PT 2 oe Gs Hye o As Pag emule? ab gay barevenices % pple. wrath wer aie oni er er erta we: hap shecece . ewe? 
i : rs et ee ee “jr” © 18 9%0,"9 ee 0 eel teale tax 9 eer ayy re rsp ees we Wie Byee gla Pe PALA ION e OPN Wires w apr TR rae ae, ate eee disneieaeurts hee 
Cae Aad Pape shee err hag eer po bsp belo ao Pete Aree: v suka Ney 7 Ge anaes cap pete aie ee ree pole sahatee: * 
LWAC EOD oli tury Chav iamewl mer ee a WS OWE 4? pay Lge OPE le aera one FT eleven! ¥'s 
2), Patsy Werte s tro ¥ me Terie Sw rr wn Ov ¥ a PR ela p> Fle yre wy ied obi via Seraeign te alt an te ad nied emerneutntal 
byt oh ENP eres AE nee TELS FREY E> Satara iy oe ot oe oe grat dzearveves’ gOnvinest BREE [del Aieaht ue td od dt dell aed Oe a 
Te ete Mate My s ne Dito gd a a dal 1 PV ae “pre, pint gry etige hegtirsas aan. eth as a aa TE. pe Bre Oe a 
- OWN te Ie or ee PI wut i GPU? OVE Wh Ge ew ears wuriss Wareenrere tans puryte-easooinn Be Yes 
! ‘ on Pa 2 A A tk tae rie pe ivictewe f were ey Fr Mui s WON Ap Peers ic nd snot re TB se pets | eletp ieee Ge ge 8 amen tate 4on 
é D ile nar ee we ny hs wise $ TT cl ie POT GO BD te EEG pared A Mel guna bO™~e png aevecctre esta handy ae wlete 17 Uh Seen 
5 aw . A i 8 yr at ode MAGI Py, Foe 7 OSH pte So TS Were: + ihe YR ISOS AT 88 CANAL Aen yo hag gh ontop mage ti 
"oy.4 ST tl het be onl > NY da CE ak 7 F FIN IWR GFA IATTES vw, toate etme tee irate wees omy eran Apogee em | atin 
aett oe i eu ome ’ rw ergs 88 FS TP Pega PY! epee unity yee sph pier weusbreenes Cad PORE ae 
Ee USr ch Sry ws FMS bg u* Hs s Eo MGT Is” Mite iatanieet said ed ee oe pi Bred tol hk Le tha ei Sreepig omy rice 
r wna hye (ras Fra emcees Lotip ahah yep TOR SS: F949 gy QE? 1 GALE & aie byt Den peg Oona Poteet) 
i a Bde see wet LAR MELE Ca | PSHE TINY GEE? & TINERIO DP are 5¥y ie peek A ier wie Sdeoones A 9ty lero, 
abe a z 201 Fav piper ta pa egy MK ae tek seh | waned! ew mee: eer was Pariss ro Fee bih ath dn Weal a] oe mae Aehiips Oe pew pnd cae te ro Mare en I 
a ‘ cee Sores ee We I SBM Sh 7OST PF rw hed remy ys eoy TY HE EERE pes Ase Heretic ery tere Wrist ptiers. voy uteaal Wt" hocwvahae ee Soviotewe ster e Kerns ga od x Pavior "a nee eana Pot 
7 ome : 40 PAC OS tT Pw Gy seneeine VeI4 oH Eee Atmel Flr + Red PWR vile git es meerwngee ow 
PF ‘as ‘ vies mis 9° ($4 > wie @ Lyd fie 2 1" eyeniae Ga? 120 Monee “sath peo aise orn fe Geogrega aus? eee ers eee Ysa an benil shen bial. 
f i ‘ ' : ha By fe a Hs tr © © 9igv% yg: AVE Deters Aeqecevic.yrve rie ‘9 Tala nes were ores anpene ea peers a, 
“_. Te i F , & ess wa “Win Vecele-s 7m A its tS egitie ayy whsor mrey't 1-8 aey-sraee padi: fea meee ry ven Aarpe ciara sPaae ano aeTs 
° i ‘ ; *y eed wie | pt eV yt ake tiple cal Seen AEs aks spam a Nrsckay tt ihe 1 waa weys) In Grape wets in setorue saver meta beens 


2 ” 
» ¥ veep kh ye ay H ae J Larimer omen, Sor re @IPFEyoe™ 6 Serere $M oe8 re Se ory 50 berets seer et oe om ruapereeecee 
a! © a ed Pe wa oot fae vine wi rea igen upeneestencn serene ree in fovvevete wr. Weer : > S Ohi pe cri) faye te arrears 
m4. rr 


ride 3 i) wa bahadbed 
nye md ane ta ULSAN ier link ah wa er cae ae La a LY ald relate ctcora roby yao Corelgcain ry © Herd Oe: snoseanereourtoneg pan <orlhewes 















— ho oly ete vt Mirya # ie eed 





Ap 
r ‘ ? “6 1 Or ee ¥a > 8 te b ate Py ms re ewes 
‘i e 1 






















































eed ’ mr FF Hs 8 Cee 
Py i so 4 1 C2 eee Pil dha, 
? P wre et #y Bae se oes fF 


q © Roytat eSivele lee rae | 
: i CY a ' e7G Whe 1 ~ whe one rebee ee 


















a 
=. 
= 
* 
wv 
- 
. 
e 








a 








“0 PY eo, Pal Crt a had Pad - rte cee iwerte OY ek ate 

‘ ; id aay aAspier Ape rains ea aieyrry Ss se aweaes sarures ee rrowwrseuntiirseae- Sweaed norte 

a ite vy meyhtnahe Tonys Seo S salen esha Cea amet dear eare ween ce te ts ae 
« me, ¥! He es ' ott; a: sas Vrboares ee a & O78 rere hip Garton ste or posal’ 


ee op svar < a. < 24 
Se ailment septate Scie ear ae Biiegcinerer 
Py os mae) fut Lh ay op, 3 boa feaeeQcireyne ie ae ebro act. crvsecr sata 

GSE AA ES oom ane tre maeniesie es aE ab geons Re ete 
" ty ? a oa 

nS 479508 Yee GS are’ Tssearien tet eaidataty grate ee aie hes 

‘a Pate eftteranpeancarats aoe 7} Ea ety 

if pds 


hes eeatites t 
seetel«, eee ot P he erteevims 4 a pai teclepmnte ee od 
ne ete nl ogoetate si ee Lyte? mate ie Ae Bene as cig area 













TS aR MG tha ae fC rege Seapine 
Me AWA SS yeas 5 ete ce 
23 AN ew, ria a or ecracyeel 9 reve we pense wenn veng bis be par ap 
- 
wt bak le pang A. Beer tant bean 


Otirter Ae Sy gart i Siigee Aamyrie 
“ee ee math ape op By bane Vas we ats 





: ; we : vA ' . MK FRE LHe aye ay . . Pekan ent 
Z ¥ . Th ge : “ agi. ve are i ody hte Ey BIE My at pad rea CER pe PeOeGeo’ & ee Mitieu rai aR re Ait Gorter’ 











i 
i 











ISSUES AND STRATEGIES 
FOR IMPROVING CONSTRUCTIBILITY 


by 
Daniel Andrew Berenato 


B. ARCH. University of Notre Dame 
Notre Dame, Indiana (1981) 


Submitted to the Department of Civil 
Engineering in Partial Fulfillment of the 
Requirements of the Degree of 
Master of Science in Civil Engineering 


2G! 
at the A3qB lo 


Massachusetts Institute of Technology 
September 1988 


©) Daniel Andrew Berenato 1988 








ISSUES AND STRATEGIES 
FOR IMPROVING CONSTRUCTIBILITY 


by 
Daniel Andrew Berenato 


Submitted to the Department of Civil Engineering on 
August 12, 1988 in partial fulfillment of the 
requirements for the Degree of 
Master of Science in Civil Engineering 


ABSTRACT 


Constructibility is an attribute of a building’s design, and 
is the most important attribute of the design during the 
construction phase of a building project. Building designs 
which are deficient in constructibility can severely affect 
both the monetary and time budgets of building projects. The 
avoidance of constructibility problems and the recognition and 
development of constructibility opportunities should be a 
Significant concern of designers during each phase of the 
building design process. 

This thesis responds to the research needs for future 
computerized design and construction applications by examining 
the specific concept of constructibility. It is addressed to 
knowledge engineers interested in providing tools for the 
design and construction of buildings. An understanding of the 
issues and context of constructibility is required to ensure 
that these future tools will be practical and beneficial in 
the real world. 

The processes and players which make up building design 
and construction are examined in order to establish the 
context of constructibility. Definitions are analyzed and 
reasons for optimizing constructibility are discussed. The 
major issues of practicability, correctness, and clarity are 
proposed and constructibility problems and opportunities are 
categorized under these headings, with examples given from 
four case study building construction projects. 

The "constructibility review" is discussed and shown to 
be inherently deficient as a strategy for utilizing 
constructibility knowledge. Finally, strategies and tactics 
for addressing constructibility during the design process are 
offered as alternatives appropriate to the capabilities of CAD 
and KBES, and the needs of designers. 


Thesis Supervisor: Jerome J. Connor 
Title: Professor, Civil Engineering Department 
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INTRODUCTION 


This thesis is a response to the need for an understanding of 
the concept of constructibility. Such an understanding is 
essential to knowledge engineers who are interested in 
providing design tools for the building construction industry. 
Ibbs!, in reporting on a research workshop sponsored by the 
University of Illinois Construction Engineering and Management 
Program and the National Science Foundation in May of 1985, 
which discussed the crucial research needs for future 


computerized construction applications, reports that: 


"An important issue in the minds of many was the 
identification of the characteristics of the 
information itself and the information flow between 
project team members. These attributes should be 
studied to determine the content and relationship 
between the elements. It was pointed out that the 
construction industry, while now highly fragmented, 
will probably change in structure to allow greater 
integration. The necessary standards to achieve 
integration definitely need research and 
development. 


"An underlying prerequisite for the development of 
such standards (preferably voluntary guidelines) is 
a greater understanding of the data requirements and 
cognitive processes in each phase of the design- 
molotcructe cycle..." 


Constructibility is the attribute of a building design which 


is of most importance during the construction phase of a 


1 ¢. William Ibbs, "Future Directions for Computerized 


Construction Research," Journal of Construction Engineering and 
Management Vol. 112 No. 3 (September 1986): p. 330. 
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building project. Building designs which have 
constructibility problems can be the cause of time delays, 
budget problems, lawsuits, and in the worst cases, project 
bankruptcy. Likewise, designs which fail to benefit from 
constructibility opportunities cause construction to cost more 
than it should. Constructibility is a practical aspect of a 
building design, and as such, must be addressed by knowledge 
engineers if their computerized design tools are to be of 


practical use. 


The concept of constructibility can only be fully understood 
in relation to its context. Thus, we begin this thesis with a 
description of the processes and players which comprise 
building design and construction. After we paint this 
background, we will discuss the concept of constructibility, 
some definitions, major issues, and develop categories of 
generic constructibility problems and opportunities. We will 
present actual examples of each constructibility category from 
four case study construction projects. Later we explain how 
such examples may be a valuable source of constructibility 


knowledge. 


Finally, this thesis will propose some strategies and tactics 
by which we might optimize the constructibility of building 
designs. We also will discuss some sources for 


constructibility knowledge which will be helpful to knowledge 





engineers as they attempt to acquire the knowledge to 


incorporate in the tools that we hope will be created. 


Impetus for Research 


Before coming to M.1I.T. I spent two and a half years as a 
construction contract manager/administrator in the office of 
the Resident Officer in Charge of Construction at the Naval 
Air Station in Brunswick, Maine. During that period I 
administered approximately $13 Million worth of construction. 
Prior to that job I trained for a year as an intern architect 
under the direct supervision of registered architects. As an 
intern I worked on the design of numerous buildings and their 
detailed construction drawings. These three and half years of 
experience in building design and construction have given me 
insight into the issues of constructibility, and the potential 
benefits of the optimization of the constructibility of 


building designs. 


While in the architect’s office I struggled with the design of 
routine details, and even the task of selecting the location 
of drawings on the page. Not yet having been exposed to 
construction practices and techniques, I relied heavily on 
Architectural Graphic Standards and picked the brains of the 


other architects in the office for guidance and advice. 





Although I was drafting on the latest version of a 
Computervision CAD system, I effectively had as my design 
tools only an electronic pencil, a screen, and an electronic 


7—-square. 


One of my responsibilities as a construction contract manager 
was to perform "constructibility reviews" of designs which 
were going to be advertised for competitive bidding. As I 
gained construction experience, I found that my 
constructibility comments increased in number and specificity 
with each review. I was determined not to allow designers to 
make me suffer through their repeated mistakes. However I had 
very little time for this review, because active contracts 
were so demanding. Consider the $7.5 Million contract for 
the construction of an Operations Control Center, just one of 
several contracts I controlled. On the Control Center job 
alone there were in excess of 125 change order items and 150 
field changes’, a large majority of which were due to 
inaccuracies or inadequacy of the design documents. How could 
I try to prevent these problems if I had to spend all my time 


solving them? 


2 Change orders are changes which involve a modification to 
the cost or time of a construction contract. Field changes are 
Changes to the design which are necessary but do not affect the 
cost or schedule of construction. 
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Who is Responsible for Constructibility? 


It was obvious to me by the time I left the construction 
manager position that the constructibility of building designs 
Was regarded as the responsibility of the construction 
manager/contractor team. Many deSigners, (especially young 
ones like myself), had little experience with the realities of 
the construction process or construction techniques. Why were 
we being allowed to prepare construction documents?! It was 
in answering this questioned that I sensed a shift in the 
meaning of the word architect away from master builder and 
toward artist/space planner/color-and-finish-picker. The 
construction documents of most buildings were being prepared 
by people trained in subjects foreign to construction. As 
designers, we were in fact contractually and professionally 
isolated from constructors. When I applied for permission to 
take the architects’ registration exam, I unbelievably 
discovered that experience, (three years 1s required), gained 
under the supervision of registered architects was disallowed 
if it was gained in a company that also performed 


construction! 


There were of course many very "construction wise" architects 
that I met and admired. They were the ones that were regarded 
as "knowing how to put a building together". The funny thing 


was, they were not regarded as the best architectural 
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designers. This status was given to the imaginative space 
planners and artistic designers who could capture in pastel 
chromatics the essence of the Parthenon, the Pantheon, and the 
intermundial plain, and produce a public restroom that would 
elevate your consciousness to levels as yet not imagined by 
the common man. The translation of these work-of-art sketches 
into construction documents, however, was neither one of their 
better skills or interests. When the translation was 
subsequently performed by others, it was apparent that much of 
the effect was lost and there resulted just another cracked 
tile, urine-odored room, whose only uplifting character was 
provided by the sneak who occasionally graffitied some very 


witty and wise epithet upon the water stained pastel wall. 


The Great Ones 


We must admit that the great engineers were very artistic and 
that the great architects had a very profound understanding of 
the technical aspects of their trades. Mies found God in 
construction details, and Brunelleschi held up the heavens of 
the great dome of the Duomo in Florence with a system of 
horizontal and vertical ribs coupled with a dual shell which 
he, a goldsmith by trade, designed and constructed. It so 
affected the skyline that it gave birth to Renaissance 


Architecture. The great and innovatively successful bridges 
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are all beautiful to the eye, not just the monotonous 
resuitant of some mathematical formula. The "great ones" had 
an understanding of the physical limits of materials and their 
associated construction techniques which allowed their 
imaginations to stretch the envelope of those limits. Only 
this understanding can guarantee that the built form does 
become the work of art that it was envisioned as and meant to 


be. 


Can We Be Great? 


I would propose that if architects and engineers had modern 
day design tools, such as expert systems and knowledge bases 
of pertinent information, they would more readily and 
accurately produce the great designs expected of them. All of 
this pie in the sky has been proposed before, but now we are 
seeing new and practical applications of the concept being 
used in and developed for commercial markets. Routine design 
is being optimized in terms of cost of design production as 
well as physical construction and operation. The T-square is 
no longer the only tool available to designers, and long years 
of valuable experience are remaining in firms in electronic 


form despite the retirement of the person who acquired it. 


I hope to contribute in a small way to the possibility of our 
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potential collective greatness by revealing the issues of 
constructibility and suggesting strategies by which they can 
be most effectively addressed. In the future I hope that more 
and more great design can in turn be produced which is 


imminently uplifting and optimally constructable. 
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CHAPTER ONE - THE CONTEXT OF CONSTRUCTIBILITY 


Introduction 


The purpose of the first part of this thesis is to obtain a 
basic understanding of the context of constructibility. The 
concept of constructibility is basically concerned with the 
relationship between the design and the construction of a 
building.? Therefore it is best that before we attempt to 
understand constructibility, we should understand the basic 
organizations, relationships, and processes involved in 
building design and building construction. After we have a 
clear picture of this context we will begin to develop an 
understanding of the meaning and importance of 


Ponseructibility. 


3 This thesis is primarily concerned with building design 
constructibility. We acknowledge that the designs of other 
structures also have a constructibility attribute. We also agree 
with the Constructability Task Force of the Construction Industry 
Institute that procurement and construction management practices 
can have a constructibility attribute. The constructibility 
issues and categories developed later in this thesis are based 
primarily on building design, but may be applicable to other 
domains. 
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Building Design 


The Building 


The root of the relationship mentioned above is the building. 
For thousands of years our species has been designing and 
constructing buildings in order to provide shelter for human 
activities. Beginning probably with a simple roof and walls 
for protection from the weather, we have improved our skill to 
the point where we can now provide super clean environments 
for the manufacture of the most sensitive computer chips. Our 
cultural history has been expressed in and influenced by the 
buildings which we have designed and built. The Greek temples 
for the gods at Athens and Agrigento, the palaces of Louis 
XIV, and the monuments to modern industry as expressed in 
corporate headquarters like that of ATT in New York City, are 
much larger than life but essential to it. They are monuments 
to our ability to work together, to combine the efforts of our 
minds and our hands in the production of something that we 


Samad not do alone. 


The effort expended in the realization of a building can be 
divided into the two relatively distinct processes of design 
and construction. Design and construction both require order, 


1.e. a process, and a team of players to perform the process. 
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Since design is necessarily the predecessor of construction, 
we will begin our study with an investigation into the process 


and people that combine to give us a building design. 


Design 


To begin, let us establish what we mean by design. Basically, 
designing is planning a response to a certain stimulus. The 
nature of the stimulus determines the outcome of the process. 
Early man designed a hut because of his need to protect 
himself from the elements. The surgical laser scalpel was a 
response to our specie’s care for each other as manifested in 
the medical profession. A design is simply the product of one 
who designs. It is a description of the planned combination 
of real objects, that when actually combined, will serve a 
specific purpose. The purpose of the design is to guide the 


actual combination of real objects. 


A design may consist of drawings, physical or computerized 
three dimensional models, written specifications, or any other 
DESCRIPTION in any vocabulary or language which the designer 
determines to be most useful for conveying his ideas. Indeed, 
the designer may produce a design for something by 
manipulating thoughts and images within her own mind, thus 


producing a design to which only she has access. 
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Fundamentally then, to design means to create a description of 
something in response to a certain stimulus which will serve a 
predetermined end, which can be used to guide the actual 


creation of that something. 


The Design Process 


The design process 1s the same no matter what one is 
designing. It is commonly represented by the model shown in 


Stemee 1.1.+ 






DECISION 
AND 
OMMUNICATIO 


ANALYSIS 





SYNTHESIS 
SYNTHESIS 


APPRAISAL 













1 Genera! 
Abstract 






Particular 


5 Concrete 


COMPLETE 


Figure 1.1 The Basic Design Process 


4 eas ieee ea. bull ding Performance, (New York: John 
mabey & Sons, 1972), p. 22. 
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The design process consists of three parts. The first part is 
ANALYSIS, in which the designer contemplates and comes to 
understand the problem. Once the problem is understood, the 
designer begins SYNTHESIS, i.e. he produces a description of a 
solution to the problem. Finally the designer performs an 
APPRAISAL in that he establishes the performance of the 
solution. The process results in a decision which is 
communicated. In Genesis the Lord realized that he was lonely 
and that he needed something to keep Him entertained 
(Analysis). He envisioned the heavens and the earth 
(Synthesis). They were created and the first day ended and 
the Lord looked at his creation and said that it was good, 
(Appraisal). The Lord repeated this process for six days 
until his loneliness was solved. In the same way, any 
designer will repeat these three steps as many times as it 
takes to create an adequate description of an acceptable 
arrangement of elements, which when built will satisfy the 


problem at hand. 


Of course the model is simple but the actual process itself is 
not. It is interesting to note though that the model is 
basically a decision model for problem solving. Every moment 
of every day we encounter stimuli which make us analyzZe, 
synthesize, appraise, and decide on our response to each 
stimulus. It is important and comforting to realize the 


Simplicity of the basic design process, as we attempt to 
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tackle a very complex instance of it, that being building 


design. 


The Building Design Process 


A building is a physical entity familiar to all of us. It is 
a man made structure that protects and encloses the space 
required to accommodate a particular function. The particular 
function to be accommodated, along with the site and socio- 
economic context within which the building is placed, are the 
ultimate determinants of the final physical construction of 
Eeewoullding. if the function of the building is to provide 
an environment where the business of banking can thrive, the 
building will be composed of spaces and environmental control 
systems different than if the function of the building was to 
provide an environment where chickens can lay eggs. The place 
and the purpose of the building is information critical for 


beginning the design process. 


As a reference for our study we might keep in mind a typical 
office building. We can assume that the building accommodates 
people and business machinery such as mini and personal 
computers. Within the building are large offices for groups 
of workers, private offices for company officers, lunch areas, 


restrooms, large conference areas and small meeting rooms. We 
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Gan envision three or four businesses of between 25 and 50 


people each, occupying the building. 


Building Design - Descriptions for Construction 


In order to make decisions about and to direct the 
materialization of a site transformation, designers generate 
descriptions of the building. Many types of description 
exist, the most common being orthographic projection drawings 
(the familiar blue prints: plans, elevations, sections, and 
details), written specification documents, and three 
dimensional physical models of cardboard and balsa wood. 
Other descriptions include computerized databases, building 
requirements programs, design briefs, rendered perspectives, 
and even construction plans and schedules. These descriptions 
are usually grouped by building system. Each type of 
description helps people solve relevant problems. Usually a 
diverse set of descriptions is required in order for the 
physical transformation, the construction of the building, to 
take place. All of the descriptions ultimately serve to 


facilitate the physical construction of the building. 
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Design Description Sequences 


The descriptions of a building evolve over the course of the 
design process from being very genéral to being very specific. 
This description evolution has traditionally been divided into 
distinct sequential phases based on the relative level of 
detail expected in each phase. This sequence of phases is 
familiar to architects and engineers as the phases defined in 
their design contracts, and is shown in figure 1.2. An 
expanded description of the design phases is provided in 


Appendix A. 


Schematic Design 
Design Development 


Construction Documents 


Figure 1.2 Building Design Phases 





The design effort from one phase to another is structured and 


determined by the RELATION between information within each 
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description and between information external to the 
descriptions. Eastman”? classifies those relations as logical, 
(between descriptions), and technological, socio-economic, and 
behavioral, (these are between information in the description 
and information within the design context). Building designs 
must satisfy all four classes of relations, with the 
appropriate priorities and trade-offs determining the extent 
to which any class of relations is fully optimized. For 
example, it is desirable for a building to be as inexpensive 
to construct as possible, however initial costs must be 


balanced against aesthetics and durability. 


The different relations can be understood as the different 
design perspectives. For a building, there are many different 
design perspectives, each of which can affect the course and 
outcome of the final building design. Each perspective looks 
at the design for issues that it is concerned with. The user 
may look at the design to see how well the building plan will 
function to serve its intended purpose. A fire marshall will 
look at the design to ensure that the health and safety of 
building occupants is accounted for by adequate numbers and 
placements of fire exits and extinguishing systems. A 
contractor or construction manager will look at the design to 


see how easily it can be built. 


> Charles M. Eastman, "The Scope of Computer-Aided Building 


Design," in Spatial Synthesis in Computer-Aided Building Design, 
ed. Charles M. Eastman (New York: John Wiley and Sons, 1975). 
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There are many relations in each class of relations, and their 
number and relative importance changes from building to 
buml aang. Eastman® relates the number of relations to the 


problem of computer aided design: 


"Within each 
class of relations there exist whole areas of 
knowledge, which certainly cannot be enumerated 
here. They are expected to be incorporated into 
designs for building and the effect has been to 
expand the scope of the design process. Building 
design firms have significantly increased in size 
and include a much greater diversity of personnel 
than previously. Any comprehensive approach to 
computer aided building design must also respond to 
eis diversity of information." 


Due to the different relations, and the different building 
systems required to be described, it is clear that there must 
be thousands of subtasks required to complete each phase of 
building design. Each subtask requires different knowledge 
and possibly different people for its performance. The 
descriptions that are required for each phase are subsequently 
the results of thousands of decisions and access to many 
different knowledge sources. System descriptions within and 
between each phase of design may change many times due to the 
interplay of the subtasks and the balancing of the different 
relations. It is not difficult to understand why so many 
people are required to manage and perform the sequential 


translation of a design from one phase to the next. 


6 Ibid. 
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Building Systems and Their Descriptions 


The complete and final "design" of a building which is used to 
guide construction is manifest in the building’s construction 
documents. The construction documents include two basic types 
of descriptions, 1. the drawings, and 2. the typed 
specifications which describe the required quality of 
materials and construction. To accommodate the organization 
of the entities which perform design and construction 
(described later), the drawings and specifications are 
organized by the major functional systems of the building. 

For example the construction documents of the Operational 
Control Center at NAS Brunswick, Maine consisted of a total of 
137 - 30"x40"- sheets of drawings which were categorized as 
empower Civil, architectural, structural, plumbing, HVAC, or 
electrical. The specifications document was 5" thick and 


included 16 building system divisions and 95 subdivisions. 


The American Institute of Architects and the General Services 
Administration have developed a building system classification 
system called UNIFORMAT which is used for design cost 
control.’ Levels 2 and 3 of this system describe the 
different systems of a building. These are shown in figure 
1.3 below. 

7 Brian Bowen, "B-5 Design and Construction Cost 
Management," in Architect’s Handbook of Professional Practice, 


ed. American Institute of Architects, (AIA 1984), p.5. 
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FIGURE 1.3 BUILDING SYSTEM CATEGORIES 


FOUNDATIONS 


SUBSTRUCTURE 
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Standard Foundations 
Special Foundation Conditions 


Slab on Grade 
Basement Excavation 
Basement Walls 


Floor Construction 
Roof Construction 
Stair Construction 


Exterior Walls 
Exterior Doors and Windows 


Partitions 
Interior Finishes 
Specialties 


Plumbing 

HVAC 

Fire Protection 

Special Mechanical Systems 


Service and Distribution 
Lighting and Power 
Special Electrical Systems 


Furnishings (Built-In) 
Special Construction (Machinery/Equip) 


Site Preparation 
Site Improvements 
Site Utilities 

Off Site Work 








Each of the building’s systems is developed concurrently over 
the course of the design process. The individual systems are 
developed at first independently and are then integrated with 
the other systems one or more times during each phase of 


design. 


"The relative effort on each of the subsystems will 
vary over time, depending on the particulars of a 
specific project. The total effort may thus be 
decomposed as shown in figure 1.2 [My figure 1.4], 
where the width of band for each subsystem 
represents the amount of information available about 
it over time. If a band expands during any phase, 
this means that its information base is expanding. 
In other words, decisions are being made about that 
subsystem in this phase of design. Overall, 
information about each subsystem accumulates, but at 
various rates..... in general, then, methods of 
analysis and decision making are required for each 
subsystem during those phases when its information 
base expands. "8 


FIGURE 1.4 Description Information Growth 
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8 Eastman, "Computer Aided Design", pp. 7,8 
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As the design phases progress, the system descriptions can be 
divided into subsystems. Thus the system descriptions are 
composed of two or more subsystems, and the subsystem 
descriptions are composed of component descriptions. 
Generically then, we have a hierarchy of descriptions which is 


graphically demonstrated in figure 1.5. 


BUILDING 
SYSTEM 
SUBSYSTEM 


COMPONENT 


FIGURE 1.5 Building System Description Hierarchy 





Thus we see that the phases of design are basically related to 
the different levels of the system description hierarchy. The 
programming phase is related to the general building 
description, the schematic design phase to the system 
descriptions, the design development phase to the subsystem 
descriptions, and the construction documents phase to the 
component descriptions. The description hierarchy and the 
American Institute of Architects’ design phases are shown 


superimposed in figure 1.6. 
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Design Phases System Hierarchy 


PROGRAMMING BUILDING 
SCHEMATIC 
DESIGN SYSTEM 


DEVELOPMENT SUBSYSTEM 
DOCUMENTS COMPONENT 


FIGURE 1.6 Design Phases and System Hierarchy 





Apparent Complexity is an Actual Benefit 


Imagining all of the decisions required for the complete 
design of one major building system gives us some sense of the 
number of the basic design cycles required for designing a 
moral building. At each decision point, the analysis, 
synthesis, appraisal routine may be repeated a number of times 


as each design perspective is considered. The total decisions 
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must number in the tens of thousands, but because the design 
process is ordered, the individual decisions are not that 
difficult to make. Each successive decision is built upon the 
information in descriptions from previous decisions. This 
mapping of decisions one on top of another at once makes each 
decision easier yet the description more complex. Ironically, 
the more complex and detailed the design description is, the 
easier it is for designers to make subsequent decisions. 
Similarly, the more detailed a building design, (assuming 
correctness and clarity are consistent), the easier it is for 


the constructors to comprehend the designers’ intent. 


The Design Team 


Once beyond the scope of a very small building, the 
complexities and requirements inherent in a building design 
cause its creation to be beyond the ability of any one person. 
Not only would the different types of knowledge be difficult 
for one person to master, but one person designing a whole 
building would take too long. The design team has become the 


standard organization for building design. 


Design team members usually specialize by building system. 
A design team may consist of architects, interior designers, 


landscape architects, civil engineers, electrical engineers, 


30 





mechanical engineers, and other consultants as needed. The 


Control Center design team is shown in figure 1.7.? 


CONTROL CENTER DESIGN TEAM 


Webster/Baldwin/Day/Rohman/Czarniecki 
(Design Team Leader, has design contract with the Navy) 


Principal in Charge 
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Project Architect 
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Arch. Technician Civil Technician Structural Technician Plumbing Technician 


Drafters Drafters Drafters Drafters 


MECHANICAL SYSTEMS ENGINEERS INC. 
(Mechanical Consultant to WBORC) 


PRINCIPAL IN CHARGE/MECHANICAL ENGINEER 
PROJECT MECHANICAL ENGINEER 


Engineering Technicians 
| 


Drafters 


AMES ASSOCIATES 
(Electrical Consultant to WBDRC) 


PRINCIPAL IN CHARGE/ELECTRICAL ENGINEER 


PROJECT DESIGNERELECTRICAL ENGINEER 


Electrical Technician/Drafters 





FIGURE 127 Control Center Design Team 


2 The information about the design team came from Mike 
Czarniecki of Webster/Baldwin/Day/Rohman/Czarniecki, George 
Ames of Ames Associates, and Richard Whitney of Mechanical 
systems Engineers. They each were project designers for the 
Control Center. 
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As can be seen from the figure, each major team member is 
actually a group of members. The size of the group is 
mandated mostly by the knowledge requirements, but, 
Significantly, also by time requiréments. Time requirements 
can be broken into two major issues: 1. we can’t take forever 
to design a building, and 2. different people occupy the team 


member positions over the course of a major project. 


Interestingly, the skill and importance of the team members in 
a group will change with the phase of design. It is not 
uncommon to find a design firm’s principal doing most of the 
schematic design, an associate doing the design development, 
and a draftsperson preparing the construction documents. This 


phenomena 1S shown graphically in figure 1.8. 


TEAM MEMBER DESIGN PHASE 


Owners with Firm Principal Programming 


Firm Principal Schematic Design 


Associate Designer Design Development 
Design Technicians/Drafters Construction Documents 


Figure 1.8 Team Members and the Design Phases 
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The Interaction of Players 


Figure 1.9 below shows the complex input relationships matrix 
between members of the design team-and the different systems 


@eseriptions of a building. 
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FIGURE 1.9 Designers’ Input to Building Systems 
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If the systems in figure 1.9 had been broken into subsystems, 
and the design group had been broken into individual members, 
it would be easy to see the magnitude of the complexity in the 
interrelationships of a building design team. But we find 
again, when well managed, the apparent complexity actually 
makes the design process simpler. If each team member has a 
specific task to do, knows how to do it, and does it well, 
then that specific task is easily performed. This is because 
each team member does not face the total complexity as shown 
in figure 1.9. Each design task requires limited input from 


other sources. 


Other Designers 


In traditional building design, design detail in some areas is 
left up to suppliers and/or fabricators, and is performed 
auring the construction phase. These detailed, component 
Specific designs are known as shop drawings. It is both the 
design professional’s and contractor’s responsibility to 
ensure that design intent and integrity have been maintained 
by the supplier or fabricator. Shop drawings effectively add 
the supplier and fabricator of certain subsystems, to the 
design team. The use of shop drawings therefore extends the 
design phase into the construction phase of a building 


Senmsctruction project. 
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One essential, but not obvious member of the design team, is 
the owner of the building. Many design descriptions such as 
models and rendered perspectives are provided specifically to 
help the owner make design decisions. The owner may at times 
be the least trained but most powerful member of the design 
team. Depending on the owner’s background, he may influence 


all or relatively few system designs. 


In some cases, the Operational Control Center for example, 
there may be more than one owner that will have input into the 
design process. The Control Center was to be the home of five 
separate organizations. The five organizations were composed 
of an average of three branches, effectively making the owner 
a fifteen person entity. Interestingly, these fifteen people 
had to service and support each other in various ways such 
that each person had design input which was influenced by one 


or more requirements placed on him by another "owner". 


Summary 


We have shown that a building is an assemblage of components 
organized as systems, and the systems work together to provide 
an environment appropriate to the activity which the building 


serves. The design of the building is performed in phases. 
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Each phase of the design produces descriptions of the building 
to the extent that the next phase of design can begin. The 
design work is performed by many people, whose individual 
expertise corresponds to the building’s systems and 
subsystems. Although many people and systems are involved and 
interrelationships are numerous, the individual design 
decisions are more easily made as the design process proceeds 
and more decisions are made. We will now turn our efforts 
toward desribing the second major aspect of the context of 
constructibility, the processes and players which comprise 


building construction. 
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Ppemlcang Construction 


For our purposes we will define the construction phase of a 
building project to begin at the time when constructors get 
involved. In a competitively bid, fixed price construction 
contract scenario, contractors usually do not get involved 
until the contract is "advertised" for bids. A good benchmark 
for the completion of construction activity is the expiration 
of the general warranty for construction. Although the 
contract may require that specific pieces of equipment be 
warranted for longer periods, (roofs also are usually required 
to have a longer warranty period), the general requirements of 
a contract require a warranty period of one year commencing at 
the date of substantial completion or beneficial occupancy. 
Figure 1.10 illustrates the elements of the construction phase 


of a project. 
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FIGURE 1.10 Elements of the Construction Phase 
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The Bid Phase 


Once the plans and specifications are completed by the 
architects and engineers, a bid package is put together and 
the owner of the building puts out an invitation to bid. This 
invitation can be extended to a preselected group of building 


contractors, or it can be advertized on the open market. 


Before the owner extends the invitation to anyone, he usually 
decides whether he wants to negotiate the construction 
contract or award it on the basis of the low competitive bid. 
Governmental bodies usually award their construction contracts 
on the basis of the low competitive bid. Private owners have 
traditionally used many different forms of award methods, from 
competitive open bidding, to handshake agreements with a 
contractor friend. For convenience, I would like to choose 
the U.S. Navy’s usual method of construction contracting, 
competitive open bidding, as a basis of our study. In this 
form of bidding, any contractor is allowed to bid on the work 
as long as he or she can meet the bonding and insurance 
requirements, and other requirements of the contract. Bids 
are usually opened after a bid period of between thirty and 
Sixty days, and the contract is awarded to the low bidder. 

The four case studies described later in this thesis were bid 


and awarded in this fashion. 
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The Bid Package 


The owner assembles a bid package which consists of the 
drawings, specifications, bid forms, instructions to bidders, 
and General Conditions of the contract. Once everything in 
the bid package is checked by the appropriate parties, the 
owner advertises that he is accepting bids for the work. 
Advertizing is done in local newspapers, trade journals, and 
the Commerce Business Daily, which is a daily journal which 
lists U.S. Government procurement invitations, contract 
awards, subcontracting leads, sales of Surplus property and 
foreign business opportunities. The advertisements list the 
location of the work, the approximate cost of the work, and 
give a breakdown of the work by system, so that specialty 
subcontractors can quickly determine if the solicitation 


contains work in their area of expertise. 


In addition to being able to respond to the advertisements, 
contractors can apply to be put on a bidders list for certain 
types of contracts. When a solicitation includes work 
pertaining to a bidders list, the people on the list are 
automatically sent a pre-solicitation notice, which is a 
description of the work, without any further request. 
Contractors must make a formal request to the contracting 
officer in order to receive the full bid package. Contractors 


can also request a copy of a form that lists all contractors 
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that have received a copy of the bid package. General 
contractors can use this list to see what subcontractors are 
interested in giving sub bids, and subcontractors use the list 
in order to determine what general contractors might be 
interested in receiving a sub bid. Receipt of a bid package 
Goes not make a contractor responsible for having to submit a 


Bid. 


Both general contractors and specialty subcontractors receive 
copies of the total bid package. Once the different 
contractors receive the bid package, they determine which 
portion of the work that they as an entity would like to 
perform. Although the owner awards only one contract, there 
may be dozens of business entities that will be performing the 
total work. Thus as in designing the work, there is a 
hierarchical contracting arrangement for the construction of 
the design. An example of a possible contractual hierarchy is 
S@ewn in figure 1.11. 


General Contractor 
Electricat HVAC Piumbing Millwork Paving 
Subcontractor Subcontractor Subcontrector Subcontractor Subcontractor 
Electrical HVAC Plumbing Wood Pavement 
Supplier Supplier Supplier Supplier Supplier 


Electrica! HVAC Piumbing Wood Pavement 
Components Components Componenta Components Components 
Manulacturers Manufacturers Menulacturers Manufscturers Manufacturers 


FIGURE 1.11 Construction Contract Hierarchy 
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It is interesting and important to note that the construction 
contracting hierarchy is similar to the design team hierarchy 
shown previously in figure 1.7. Subcontractors, like design 
firms, are usually organized to specialize in one system or 
subsystem of a building. Material vendors are also interested 
in contract solicitations, and are called upon by contractors 
to provide a price for the materials required to carry out the 
work. In general, material suppliers also specialize by 
building system or subsystem. Thus, a building’s electrical 
system will be designed by an electrical engineer, and will be 
built by an electrical subcontractor with materials supplied 


by an electrical materials and equipment supply wholesaler. 


Once the contractors receive the bid package, they begin to 
determine which portion of the work that they want to perforn, 
and what contractual relationship they would like to have. 
Some contractors have the ability to perform the coordinating 
duties of a general contractor, (sometimes called prime 
contractor), in addition to performing a certain part of the 
building work. Other contractors prefer being subcontractors 
to a general contractor, and to be responsible for building 
only a certain portion of the work. Contractually, general 
contractors enter into a contract with the owner and are 
responsible to the owner for providing the complete facility. 
The general contractor then contracts with the subcontractors, 


who then are responsible only to the general contractor, for 
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mierwiding the construction of a portion of the work. 


Estimating the Work 


After deciding which portion of the work they would like to 
perform and their preferred position in the contractual 
hierarchy, the contractors perform material and quantity take- 
offs from the drawings and specifications!9, and estimate the 
cost of their portion of the work. This is done by people 
specially trained in estimating, using company-specific 
historical records, rules of thumb, current equipment rental 
or ownership costs, and overhead rates. During the estimating 
period the contractor will also develop a preliminary plan for 
construction, and identify materials or equipment that require 
long lead times which may affect the construction plan. The 
contractor will also determine which methods or techniques he 
Will use for construction, and estimate the costs of the 
equipment and tools required for the particular methods 


chosen. 


In the course of estimating the work to be performed, 
contractors will usually come upon deficiencies in the bid 
documents that inhibit their ability to prepare an accurate 

10 The drawings and specifications comprise the design which 
waS prepared by the architects and engineers. They are the only 


documents used as a basis for a bid. 
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bid. Unclear quality specification, conflicts between the 
drawings and specifications, missing or unfinished system 
descriptions, are examples of such deficiencies.11 When 
contractors come across such deficiencies they are required to 
contact the contracting officer to request a clarification. 

At times the contractors opt not to disclose the deficiencies 
and decide to base their bid on what they think is 
appropriate, and wait until the contract is awarded to request 
clarification. In this case the contractor would expect to be 
reimbursed any costs which the actual requirements entail 


beyond his estimate. 


Contract Amendments 


When contractors do notify the contracting officer of a 
deficiency during the bidding period, the owner and the 
designers examine the question and determine whether a 
clarification is needed. If a clarification or correction is 
needed, all bidders are notified thereof in the form of an 
amendment to the solicitation. Amendments are written 
documents which are sent to everyone who has taken out a bid 
package. The amendment clarifies, corrects, adds or subtracts 


work in the bid documents. In this way, no one contractor is 


11 These and other design document deficiencies will be 
categorized in the constructibility section of this thesis. 
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privileged with obtaining information which his competitors 


might not have. 


If an amendment modifies the work in a major way, or if the 
amendment is distributed late in the bidding period, the bid 
period is extended by an appropriate amount of time. This 
allows time for the contractors to incorporate the amendment 
into their bid estimate. Contractors must acknowledge receipt 
of all amendments in order to validate their bid on the bid 
opening date. A bid may be disqualified as non-responsive if 


all amendments are not acknowledged. 


Assembling a Bid 


Usually on the bid due date, or the day prior, general 
contractors accept sub bids from many subcontractors and 
assemble a bid for the total work. The sub bids are quoted, 
usually over the phone, in two parts, price and scope. The 
General contractors (Prime Contractors), assemble the sub bids 
ensuring that they cover 100% of the scope of the work for the 


lowest, best price. 


The art of being a successful prime contractor manifests 
itself at this crucial point. Knowing when a sub bid is too 


low, or if the total scope of the work is covered, is critical 
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to the success of a project. For example, a contractor may 
receive four or five sub bids for electrical work which vary 
substantially. However the low bid may not be the best bid, 
or it may cover a smaller scope of work than the other bids. 
Some bids may cover a scope of work beyond the other bids, and 
even overlap with the scope of sub bids from other building 
system subcontractors. For instance, an electrical 
subcontractor may cover wiring and supplying the electric 
motors for an exhaust fan in his bid price. At the same time, 
the mechanical HVAC subcontractor may also be including the 
fan motors in his price. If the General Contractor chooses 

to combine the bids, then there is a duplicated cost which can 
make his bid less competitive. On the other hand, both the 
electrical and mechanical sub bids may exclude the cost of the 
motors, and the combined price may be too low. In this case 
the General contractor may win the contract but lose his shirt 
when he finds out that his price is not adequate to cover all 


of the costs. 


Bid Submission and Contract Award 


After the General contractors assemble the best bid package 
they submit a sealed lump sum bid for the total work as 
prescribed by the instructions to bidders, by the bid due 


date. At the time of the bid due date, no further bids are 
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accepted and the bids are opened publicly. A contract is 
subsequently awarded to the low bidder who has been responsive 
to all of the requirements of the solicitation, and is known 
to be a responsible contractor. Subcontractors who otfer bids 
to many different prime contractors have a better chance of 
acquiring the work than if they only offer a bid to one prime. 
Subcontractors are also in a position to affect the 
competitiveness of the prime contractors due to the fact that 
the same subcontractor can give different prices to the 
different prime contractors. The material and equipment 
vendors are in the same position with the subcontractors, and 
may take advantage of their position to award good customers 


and discourage poor ones. 


The Contractual Chain 


After the owner awards the construction contract to the prime 
contractor, the prime contractor awards contracts to all of 
the subcontractors. At this time, the general contractor can 
choose to continue to shop for a better priced subcontract 
than he carried in his bid. Although this practice is an 
ethical gray area, it is widely done, and can quickly increase 
the profitability of the project to a general contractor. 

Once the subcontractors receive their contracts, they are able 


to write purchase orders for the material and equipment 
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required to perform the work. These purchase orders are 
essentially contracts with the material and equipment 


suppliers based on previously quoted prices.12 


Sometimes a problem arises when a contract is not awarded 
within a reasonable time from the bid opening date. Material 
quotes and subcontract bids are normally good for sixty days. 
A prime contractor must be very careful to check the current 
prices from the subcontractors and his suppliers before he 
accepts a contract award which is offered beyond sixty days 


from the original bid date. 


Post Award and Construction Phase 


Once the prime contractor is awarded a contract to construct a 
building, he awards contracts to his subcontractors, usually 
in the order which he needs their services. The contractor 
also must purchase insurance before he can start work. When 
the contractor is ready to proceed, usually the first order of 


business is called mobilization. 


12 Some items of equipment and material must be approved 
before a subcontractor should issue purchase orders to his 
supplier(s) for those items. 
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Mobilization 


Mobilization covers such activities as bringing portable 
office space onto the site, including all necessary temporary 
utilities to support the offices. The offices are usually 
rented and are in the form of a house trailer. Trailers are 
also moved onto the site for tool and material storage. 
Porta-Johns and pay phones are also placed on the site for the 
benefit of the workers. If required by the construction 
contract, or for the contractor’s security requirements, a 
fence is sometimes erected around the perimeter of the site. 
Building Access roads and clearing trees is also sometimes 
required before work on the actual building can occur. 
Mobilization would be completed when construction equipment, 
such aS conveyors, air compressors, loaders, etc. were 


G@elivered to the site. 


During mobilization the contractor’s management personnel are 
usually preparing a construction schedule, which includes all 
of the construction tasks, but also all of the logistics tasks 
required to ensure that material and equipment were present 
when required. One very important aspect of the logistics 
plan is the "submittal" submission and approval process, which 
must precede the purchase of much of the material and 


equipment to be incorporated into the building. 
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Submittals 


Submittals are required by the specifications for two reasons. 
First they give the contractor the opportunity to choose the 
make of certain material and equipment, and the freedom to 
optimize the fabrication and erection of systems and 
components through innovative design. Secondly, the submittal 
process gives the architect, engineer, and owner the chance to 
ensure that the contractors’ selections meet the quality and 


performance requirements of the specifications. 


There are generally three classes of submittals. The first 
class is shop drawings. Shop drawings are detailed design 
drawings usually prepared by a manufacturer, fabricator or 
Supplier, i.e. by other than the design engineers or 
architects. Although prepared by others, shop drawings 
normally remain the responsibility of the project designers. 
The architects and engineers must be given the chance to 
review shop drawings for design integrity and either approve 
or reject them. It is the responsibility of the designer to 
make sure that the details of one system or its components are 
compatible with the details of other components within the 
Same system, as well as with other systems and their 


components. 


The other two classes of submittals are manufacturers’ 
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specification sheets, and construction process descriptions 
which require approval by the owner before work can begin. 
This last class includes such things as a safety plan, a 
quality control plan, and the construction schedule itself. 
(Submittals are often referred to generically as shop 


drawings.) 


Before a contractor purchases materials and equipment, or 
before he begins fabrication of any components, he must 
receive approval of those items which required submittals. If 
the contractor proceeds without approval, he proceeds at his 
own risk, and the owner can stop him from incorporating any 
unapproved items into the work, or direct their removal at no 
extra cost if they subsequently fail to be approved. The 
Owner 1s also not obligated to make progress payments for any 
portion of work provided that has not received required 


submittal approval. 


Submittals normally take two weeks to be reviewed and returned 
to the contractor as either approved or not approved. Thus if 
a piece of material or equipment is on the project’s critical 
path, it is important for the contractor to get it approved as 
soon aS possible so that the critical path is not affected. 
The shop drawing process thus extends the design phase 
directly into the construction phase. Design work is also 


performed as needed in the construction phase for 
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Mememelcation, correction, or addition to the original design. 
This latter design is added to the construction contract in 
the form of change orders. Change order design integrity is 


also the responsibility of the designer. 


Pemstmuction Activities 


After mobilization and submittal approval, the contractor 

goes about the actual construction of the building according 
to the construction schedule. The general contractor 
coordinates the work of his own workers as well as the work of 
his subcontractors, ensuring that all work is performed in the 
proper sequence, at the proper time, at an acceptable cost, 
and of an acceptable quality. As work is performed it is 
inspected by the contractor and the owner for its conformance 
with the specifications. Usually the owner will designate the 


architect and his engineers as his agents for this inspection. 


Progress Payments 


At regular intervals the contractor will submit a request for 
progress payments to the owner via the architect. The 
architect takes measures to ensure that work which has been 


billed for has been adequately performed, and makes a 
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recommendation to the owner for payment under the terms of the 
contract. The general contractor in turn is billed by, and 
makes payments to, his subcontractors for their work. The 
owner normally retains approximately 10% of the payment due 
the contractor as a hedge against the possibility that the 
contractor will not complete the contract in its entirety. 
Upon final acceptance of the building, the owner will make 
final payment which will include all money retained from all 


prior payments. 


Extent of Subcontracting in Building Construction 


As stated previously, the general or prime contractor usually 
does not perform the majority of the building construction 
with his own employees. In the case of the Operational 
Control Center Project (One of the four case studies), the 
general contractor held subcontracts with at least twenty 
different subcontractors. Some of these subcontractors also 
had contracts with other subcontractors, thus creating another 
tier of contractors. Typically, a general contractor will 
provide the structural work and rough carpentry, while the 
other subcontractors perform the remainder of the work.13 The 
13 This varies from company to company. Some general 
contractors may not perform any construction work at all, and 
provide only construction management and subcontractor 
coordination services. These companies are sometimes referred to 


as "brokers", 
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general contractor for the Operational Control Center had 
separate subcontracts for each of the following items of work: 
Access flooring and acoustical wall treatment, precast fascia 
panels, millwork, bituminous paving, chain link fencing, 
aluminum windows and curtain wall, carpet and floor covering, 
paint and wall covering, drapes and blinds, mechanical 
systems, electrical systems, site work, masonry, roofing and 
sheet metal, sprinkler system, gypsum partitions, halon fire 
extinguishing system, doors and door hardware, testing and 


balancing of the mechanical systems, and Signs. 


It 1S important to remember that the general contractor has 
not done any estimating of the work performed by his 
subcontractors, and is not familiar with the details of their 
plan of work. The general contractor’s responsibility to 
coordinate the work of the subcontractors is performed 
primarily after the bid and award phases, and constitutes the 


bulk of his effort thereafter. 


All coordination and communication between the owners, 
engineers, architects, and subcontractors is via the general 
contractor. The communication and coordination path is shown 


schematically in figure 1.12 below. 
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Designers and Constructors should follow the contractual chain 
when communicating with each other so that all appropriate 
parties can be kept informed of changes and clarifications. 
















General 
Contractor 


Architect 
(lead designer) 


System System 
Subcontractors Engineers 
Speclalty 
Consultants 


FIGURE 1.12 Construction Project Communication 


mame Construction Team 


Figure 1.12 thus shows graphically the roster of the building 
construction team. The lineup positions seldom change, 
however the people within each organization can and do change. 
The personnel turnover in a project greatly affects the 
PerroOrmance of the already complex and large network. The 
baseball analogy to the construction team concept would be 
teams from two different leagues (design league and 
construction league), trying to play each other with a 
strategy such that neither side will lose, while players in 
each position retire or are traded to other teams during the 


course of the game. The point being simply that the 
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construction process is not at all simple when looked at 
objectively from the dugouts, when it might look like just 


another ballgame from the bleachers. 


Summary 


In this section we have described the processes and players 
involved in a building’s construction phase. We have shown 
that the drawings and specifications which comprise the 
building design are assembled in a bid package, and bids are 
solicited. Contractors interested in performing any work 
contained in the bid documents use the documents to estimate 
the cost of the work. General contractors assemble and total 
bids submitted by numerous subcontractors. Subcontractors’ 
bids cover the cost of work which that subcontractor will 
perform, which is usually concentrated in a specific building 
system or subsystem. General contractors submit bids to the 
owner and a contract iS awarded to the contractor who has 


submitted the lowest responsive and responsible bid. 


After the owner awards a contract to a general contractor, the 
general awards subcontracts to the specialty subcontractors, 
and they in turn award contracts (in the form of purchase 
orders) to their material and equipment suppliers. Materials 


and equipment requiring approval, and detailed shop drawings 
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are submitted to the owner for approval. The designers review 
the submittals for the owner and ensure that design intent and 
contract requirements are not compromised. Meanwhile the 
contractors are mobilizing at the construction site, and work 
is planned and scheduled. Actual construction then proceeds 
according to the schedule and progress payments are made to 
the contractor by the owner as work is performed. Final 


payment is made upon successful completion of the work. 


The construction team coordinates with the design team during 
construction to ensure completion of the actual building. 
There are many individuals and parties involved in the long 
process of construction. Specific individuals on the 
construction team may change during the process causing losses 
to the corporate knowledge base, however since the design 
documents give direction to the process, ideally new players 
can be brought in mid-phase and the construction can proceed 


smoothly. 


When the design documents are lacking in practicability, 
correctness or clarity, the construction process will be 
affected. During the bid phase problems or opportunities 
inherent in the design documents may be noticed and are 
covered by amendments to the solicitation. If problems or 
opportunities are discovered after award of the contract, 


change orders are issued to modify the documents as required. 
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These problems and opportunities define the constructibility 
of a building design. We will now begin our focus on the 


Beneeptc of constructibility. 
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CHAPTER TWO - CONSTRUCTIBILITY 


Constructibility: Definitions and General Discussion 


Now that we have a basic understanding of design and 
construction, we can begin to investigate the concept of 
constructibility. We will start by analyzing some definitions 
of constructibility, and then look at some reasons why it is 


important to optimize constructibility. 


Definitions 


The Constructability1!* committee of the Construction Industry 
Institute defines constructibility as follows: 


"Constructability is defined as the optimum 
integration of construction knowledge and experience 
in planning, engineering, procurement and field 
operations to achieve overall project objectives."1l° 


This is a broad, general definition but it does indicate 


outright that the knowledge involved in constructibility is 


14 The Construction Industry Institute prefers the 
spelling constructability. I have used that spelling in all 
quotes and references to the work done by people who use that 
spelling. 


15 Robert F. Jortberg, "CII Constructability Task 
Force Report," Transcripts of Presentations CII First 
Annual Meeting, Keystone, Colo., Aug., 6-8, 1985, pp. 
a =17 5... 
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construction knowledge. 


One of the Navy’s engineering field divisions, has defined 
Senstructibility as: 
"...the practicability and correctness of a project 
design, including the inherent capability of the 


contract documents to be understood, bid, 
administered and enforced." 


The Navy’s definition is more precise in that it establishes 
constructibility as an ATTRIBUTE of a project’s DESIGN. It 
further goes on to suggest that there are three major issues 
of constructibility which we will call: Practicability, 


Correctness, and Clarity. 


Constructibility is an Attribute of a Building’s Design 


Constructibility, as an attribute of the design, is distinct 
from other design attributes, but shares parts of the other 
design attributes. Some of the other attributes that a design 


has are shown in figure 2.1. 


16 constructibility Review Guidance, Western 
Division, Naval Facilities Engineering Command, 
December, 1983. 
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SOME BUILDING DESIGN 


ATTRIBUTES 
Building. 


Functionability Marketability 





Se = — 
Adaptability 
Unit Value 


FIGURE 2.1 Attributes of a Building Design 





Peleteally, the concept of constructibility refers to how 
constructable the design is. A very constructable design will 
usually make the construction phase go smoothly and without 
major cost or schedule overruns. A less constructable design 
could cause major problems for all parties during the 
construction phase. A recent ENR articlel’ describes a 
roadway work contract in New York City which benefitted from a 
design that was completely re-engineered for constructibility 
at the start of construction. The article contrasted that 
successful project with another just a few miles away which 
was shut down after the joint venture contractor and owner 
failed to overcome design, construction, and administrative 
meoolems. The lack of constructibility in that design is 

17 "Aging highway gets load off its feet, Constructibility 
review held costs in check for New York City Rehab," ENR, May 5, 
1988, Vol 220, No. 18, pp. 24-26. 
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manifested in a pending claim by the contractor for $33 


Million in damages. 


If we use Eastman’s terminology as mentioned earlier, 
constructibility is one of the relations which should guide 
the design process and design decisions. It is the 
perspective of the constructor and the construction contract 
administrator. Constructibility encompasses issues such as 
the appropriateness of the design to local construction 
techniques, the relative simplicity of the design, the time 
alloted for construction, the completeness of the design, 
physical interferences inherent in the design, conflicts 
between the plans and specifications, and administrative 
concerns of how bid-able and contractible the deSign is, l.e. 
how organized the drawings and specifications are and how 


clearly spelled out the contract reguirements are,18 


Constructibility Improvement 


When we talk about improving the constructibility of a 
building design, we are in essence discussing how we can 
minimize and optimize the resources required for construction 


of the building. These resources are time, labor, material, 


18 These and other categories of constructibility issues will 
be examined in detail in the next chapter. 
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equipment, and management. Minimizing or optimizing any of 
these resources will result in minimizing or optimizing the 


meres Of construction. 


In order to improve the constructibility of a design, 
knowledge of construction is required. Construction knowledge 
can be categorized into the areas shown on figure 2.2. 
Knowledge of typical consructibility problems and 
opportunities is also required in order to understand how and 


where construction knowledge must be applied. 


We Maximize Constructibility 
in order to 
Minimize and Optimize the 
Construction Resources 
Required to Build a Building 


Construction Resources 


Time 
Labor 
Material 
Equipment 
Management 


This requires Knowledge of 


Construction Sequences 
Construction Trades 
Construction Industry Organization 
Construction Contracts and Law 
Construction tools, techniques, and equipment 
Construction testing and Inspection 
and 
New Construction Technologies 


FIGURE 2.2 Types of Construction Knowledge 
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Why Worry About Constructibility? 


Often when a project design is being rushed through a design 
office you will hear the phrase, "...they’1ll take care of it 
in the field". Yes, they will take care of it in the field 
because ultimately, all problems or deficiencies must be 
solved and resolved. The problem with taking care of it in 
the field is that it costs more in time and money. Figure 2.3 
shows the savings versus time curve.!9 It illustrates clearly 
that the earlier a problem or opportunity is recognized and 


resolved, the more lucrative will be the discovery. 


There also can be significant value lost when constructibility 
opportunities are missed. Often, a lack of interest or 
knowledge, or lack of time to plan or innovate, on the part of 
the designer is what perpetuates familiar construction 
technology and prevents designers from taking advantage of 
opportunities to improve a design’s constructibility. The 
bottom line, according to the Business Roundtable’s estimate, 


is a constructibility payoff of 20 to 1.29 


19 Brian Bowen, "B-5 Design and Construction Cost 
Management," in Architect’s Handbook of Professional Practice, 
ed. American Institute of Architects (AIA 1984), p. 3. 


20 clyde B. Tatum, "Improving Constructibility During 
Conceptual Planning" Journal of Construction Engineering and 
memagement 113 (June 1987): p. 205. 
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Documents 


FIGURE 2.3 savings versus Time Curve 


The Costs of Constructibility as Measured by Change Orders 


In construction contracting terms, a clear measure of the 
constructibility of a design is the number of changes, 
clarifications, and corrections required during the 
construction phase of the building project. These changes 
cost the project both time and money, even when they might 
deduct costs from the contract amount. In general there are 
three types: field changes - changes or clarifications to the 
design which do not involve time or money; change orders - 
changes to the design which involve time and/or money; and 
claims - change orders which are in dispute between the 


memcracting parties. 
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Monetary Costs of Change Orders 


Diekmann and Nelson@1 report in a study of 22 construction 
projects which had a total of 427 claims, (in this use a claim 
is actually just a change order, not necessarily a dispute as 
well), that fully 46% of additive manne were due to design 
errors. Each additive award averaged $19,900.00. The study 
also showed that Value Engineering, i.e. optimizing the 
constructibility of the design, accounted for 32% of all of 
the deductive claims, each of which was settled for an average 


of $8,000.00. 


Naval Facilities Engineering Command, (NAVFAC), hada 
construction work effort of $2,862,800,000.00 in fiscal year 
1987. The change order rate for these contracts was 5.1 %, 
amounting to a cost of $146.3 Million. The civilian sector 
also has a change order rate which averages about 5% of total 


construction costs.2? 


The cost of the change orders is a significant amount of 


21 james E. Diekmann and Mark C. Nelson, "Construction 
Claims: Frequency and Severity," Journal of Construction 


Engineering and Management 111 (March 1985): p. 76. 


22 Robert Smith, Naval Facilities Engineering Command, 
interview of 19 July, 1988. Figures are from the end of FY 
1987 Goal Progress Reporting System Report. 


23 Interview with Mr. Bob Weatherill, AIA, partner in the 
firm of Wadsworth, Boston, Mercer and Weatherill, Portland, 
Maine, 7 May 1988. 


65 





money. However, we cannot claim that the full costs of change 
orders represents the costs of constructibility problems. In 
most cases a portion of the cost would obviously have been 
borne by the owner if the design had been sufficient enough to 
prevent the change. However, for a number of reasons, there 
is usually a net avoidable cost associated with most claims. 
This cost can be considered a penalty cost,?4 and is the cost 
which we hope to diminish as we increase a design’s 
constructibility. In general, it is probably fair to say that 
the average construction contract will have change orders 
amounting to 5% of the total cost of construction. 
Approximately 20% of the cost of change orders is avoidable 
cost, therefore, it seems that at least 1% of construction 


costs are avoidable.2°,2°6 


The Costs of Missed Opportunities 


What is not clear from the change order numbers is what cost 
savings are not realized because constructibility 

24 For a complete discussion of Penalty Costs see: 
James W. Cowell, "The Effects of Inadequate Component 
Inspection on Facility Repair Projects" (Master’s Thesis, 
Pee. , June 1988), pp. 74-95. 

25 Interview with Joseph Gallant, Construction Project 
Manager for the Resident Officer in Charge of Construction, Naval 


Air Station, Brunswick, Maine, 7 May 1988. 


26 Interview with Bob Weatherill, 7 May 1988. 
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opportunities are missed. The value engineering clause in 
construction contracts is good but it induces very few 
contractors to look for and submit proposals for cost savings. 
Most contractors want to avoid the paperwork and red tape that 
such a proposal requires. Also, constructors tend to want to 
be constructors, not designers. The failure to design for the 
optimal use of construction resources in itself incurs an 


avoidable construction cost. 


Change Order Effects on Project Duration 


The direct monetary cost of change orders is but half of the 
story, however. There is also the effect on the schedule 
which the changes can cause. The Diekmann and Nelson report 
cited above indicates that 25% of the additive claims had time 
extensions attached averaging 20 days each. The 
administrative overhead to extend a contract a day can run 
into thousands of dollars for owner and contractor alike. The 
cost of money borrowed on a construction loan is quite 
Significant on any substantial project. One million dollars, 
borrowed at a rate of 15%, costs the borrower 15/12 or 
approximately 1.25% per month, which is $12,500.00 per month, 


or $416.00 per day. 
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Constructibility Affects Competitiveness 


From a broader point of view, Tatum?’ points out that 
attention to constructibility from the beginning of the design 
process will ultimately serve to increase the productivity and 
hence the worldwide competitiveness of the U.S. construction 
Industry. This is not just the view of the academics. A 
class at MIT taught by Jack Kavanagh, president of Badger 
America Inc., an international contractor in the oil industry, 
indicated a highly organized constructibility feedback loop to 
the design arm of the company, Badger, Inc.. The existence of 
the Construction Industry Institute’s Constructibility Task 
Force, (at the University of Texas, funded and attended by 
large construction companies), gives further credence to the 


importance of the issue. 


Constructibility in Other Industries 


Constructibility is not just a concern of the building 
construction industry, either. In 1972, Bath Iron Works 
Corporation instituted a Producibility Assurance Program for 
the PF 109 Class Patrol Frigate. The program was based on the 
concept of designing the ship to fit the shipyard, that is, 


design a product which is suited to the production process as 


27 Tatun, PinprovangeCOnSeENCtIbility,' p. 204. 
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well as to its ultimate use. An interview with Mr. Dan 
Thompson, former head of Bath Iron Work’s Design Division, and 
author of the Producibility Assurance Manual, made us both 
conclude that the Producibility concept was identical to the 
concept of constructibility in the construction industry. 

Just one item in the Producibility Manual, stud mounting minor 
brackets instead of hand welding, produced a cost savings of 
$13,000.00 per ship back in 1973. The initial issue of the 
Producibility Assurance Manual implied a cost savings of 


$300,000.00 per ship. 28 


Bath Iron Work’s Producibility Manual became a widely used 
design tool for shipbuilding designers throughout the 
industry. It is a method of transferring construction 
knowledge to the designers in order to optimize the design’s 
constructibility. It produces both cost and time savings in 


emeoeconstruction. 


The Problem 


The problem that needs to be solved is that designers don’t 
have the constructibility knowledge readily available to 

28 producibility Assurance Manual for the Patrol Frigate PF 
109 Class, Bath Iron Works Corp., Bath, Maine, Mod 7, dated April 
im, 1975. 
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recognize mistakes and opportunities, i.e. to optimize the 
constructibility of the design. Building designers are in 
need of a tool to help them recognize the opportunities and 


avoid the mistakes. 


A tool, similar in concept to the producibility assurance 
manual in the shipbuilding industry, could be developed for 
the building construction industry to produce the same 
results. After a further investigation into the issues of 
constructibility in the next chapter, we will look at some 


ideas about the configuration of such a tool. 


Chapter Summary 


We began this thesis by discussing the context of 
constructibility, i.e. building design and building 
construction. We showed that building design has 
traditionally been performed in a certain process by a team of 
designers, each with an expertise in one or more systems or 
subsystems of a building. The whole design effort was shown 
to be needed solely for the end purpose of providing 
descriptions of the desired building to constructors who would 
build the building according to the design. Building 


construction was shown to have a certain process. 
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Construction was also identified as a team effort, this one 
composed of contractors, subcontractors, and suppliers, each 
with a special expertise in one or more of a building’s 


systems or subsystems. 


After discussing the context of constructibility, we looked 
briefly in this chapter at what we mean by constructibility. 
We determined that constructibility was an attribute of a 
building design, and that it was the perspective of the people 
who construct the building and administer the contract for 
construction. It can be decomposed into the three major 
issues of the practicability, correctness, and clarity of the 
design. We also stated that a design usually has both 
constructibility problems and opportunities, and that the 
knowledge to recognize these 1S construction and 


constructibility knowledge. 


Improving constructibility has the effect of minimizing and 
optimizing the resources needed for building construction. We 
showed that optimizing constructibility was a concern of many 
in the industry, and that it resulted in savings of both time 
and money. Construction projects with major constructibility 
problems were subject to lengthy delays and large cost 


Overruns. 


Hopefully we now have a good understanding of the basic 
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meaning and context of constructibility. In the next chapter 
we will look at the issues of constructibility in more detail 


in order to gain a better understanding of the concept. 
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Searier THREE > THE ISSUES OF CONSTRUCTIBILITY 


maeroauction 


The Navy’s definition of constructibility discussed earlier 
implies that there are three major issues to a design’s 
constructibility: Practicability, Correctness, and Clarity. 
Under each of these categories there can be constructibility 
problems and/or constructibility opportunities, l1.e. something 
that is not practicable, correct, or clear, or, something that 
can be more practicable, more correct, or clearer. We will 
begin this chapter with a discussion of these three major 
issues of constructibility in order to gain a full 
understanding of their meaning. I will present examples of 
each based on actual situations encountered on four building 
case studies.*? The remainder of the chapter will discuss the 
specific categories in each issue of constructibility which 
need to be addressed in order for the constructibility of a 


building design to be optimal. 


22 The information from the four case studies was 
collected through interviews with the project managers and 
from the construction contract files. The contracts and 
project managers are: Contract N62472-84-C-0355, Auto Hobby 
Shop, managed by LTjg Melody Spradlin; Contract N62472-84-C- 
0282, Patrol Aircraft Maintenance Training Building, managed 
by Joseph Gallant; Contract N62472-87-C-2530, New Telephone 
Exchange Building, managed by Thomas Sturgeon; and Contract 
N62472-85-C-0099, Operational Control Ceneter, which was 
managed by the author. 
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The Case Studies 


The four case studies are all buildings substantially 
completed in 1987 or 1988. All four were built at the Naval 
Air Station in Brunswick, Maine, under competitively bid, lump 
sum construction contracts. Each building was new 
construction, and was basically a single story office building 
designed for a specific function. Brief descriptions of the 


buildings are given below. 


The ASWOC 


The ASWOC is the Antisubmarine Operational Control Center. It 
is a one story, 54,000 square foot building that houses the 
administration, communication, security, training, and 
operations functions of the Navy’s submarine hunting P3 
aircraft squadrons of Patrol Wing 5. The ASWOC replaced an 
existing group of 1950’s vintage buildings, which were 
demolished under the same contract. The building was designed 
by Webster/Baldwin/Day/Rohman/Czarniecki of Bangor, Maine, and 
constructed by Reed & Reed of Woolwich, Maine. The 
construction contract was originally awarded at a cost of 
$7,023,195.00, and as of modification number 58, the cost 
stands at $7,731,460.59. Construction began in the Summer of 


1985 and the building was substantially complete in the Fall 
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ef 1987. 


The PAMT 


The PAMT is the Patrol Aircraft Maintenance Training Building. 
It is a one story, 32,000 square foot facility that supports 
the education and training of the personnel who perform 
maintenance and repairs on the Navy’s submarine hunting P3 
aircraft which are stationed at the Naval Air Station in 
Brunswick, Maine. The PAMT replaced two existing 1950’s 
vintage buildings, which were not originally designed for 
maintenance training. The PAMT was designed by Webster/ 
Baldwin/Day/Rohman/Czarniecki of Bangor, Maine, and 
constructed by Reed & Reed of Woolwich, Maine. The 
construction contract was originally awarded at a cost of 
$2,955,000.00, and as of modification number six, the cost 
stands at $3,029,997.00. 103 days were added to the contract 
due to the change orders. Construction began in the fall of 
1986 and the building was substantially complete in the early 


spring of 1988. 
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The Auto Hobby Shop 


The Auto Hobby Shop is a 12,000 square foot facility operated 
by the Morale, Welfare, and Recreation Department at the Naval 
Air Station in Brunswick, Maine. The building consists of 
twelve auto repair bays, a woodworking shop, recreational gear 
issue and storage rooms, offices, and associated support 
spaces. The Auto Hobby Shop replaced a "Butler Hut" type 
building built in the early 1950’s, and is used by military 
personnel during off duty hours. The new building was 
designed by Webster/Baldwin/Day/Rohman/Czarniecki of Bangor, 
Maine, and constructed by D.L. Poulin Construction of 
Brunswick, Maine. The construction contract was originally 
awarded at a cost of $1,167,000.00, and as of modification 
number 16, the cost stands at $1,198,172.00. Eighty-five days 
were added to the contract due to change orders. Construction 
began in the Summer of 1986 and the building was substantially 


complete in the spring of 1988. 


The Telephone Exchange Building 


The Telephone Exchange Building is an 1,156 square foot 
concrete building comprised of an office space and a space for 
the telephone switching equipment that will serve the Naval 


Air Station at Brunswick, Maine. The building was designed by 
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Harriman Associates of Auburn, Maine, and constructed by H. E. 
Callahan Construction of Auburn, Maine. The construction 
contract was originally awarded at a cost of $162,000.00, and 
as of modification number 7, the cost stands at $169,378.00. 
Construction began during the summer of 1987 and the building 


was substantially complete by the end of the year. 


The Major Issues 


As previously claimed, there are three major issues of a 
Building design’s constructibility, its Practicability, 
Correctness, and Clarity. We will now discuss these issues 
and present clarifying examples from the case study projects. 
We will then further decompose the issues into 


constructibility categories. 


Practicability 


Practicability is basically a measure of how compatible the 
building design is with the project site, site conditions, and 
available construction materials and methods. Practicability 
applies to the placement of the building on the site, as well 
as to the selection and detailing of building systems, 


subsystems and components. Practicability is the issue of 
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constructibility that is in constant tension with the 
aesthetic attribute of a building’s design. Often, 
practicability is subordinated to architectural effects 


desired by the designer. 


Practicability also refers to the appropriateness of the 
building systems and their construction details. Often, 
construction details as designed are acceptable but not 
optimal when construction requirements are considered. There 
may be a quicker or more economical way to build something 
than as designed, while still achieving the desired 
architectural effect and maintaining the same structural 
integrity. There also may be ways to build something, that 
while just as costly as the designed configuration, result in 
a higher value due to an increase in the reliability or 
maintainability of the finished product. Practicability is 
the overriding justification of most value engineering type 
change orders to a construction contract. The use of 
appropriate new technologies is a major consideration under 
the practicability issue. New materials technology can 
quickly make tried and true designs impractical, or higher 
quality finishes more affordable.°9 Efficiencies of new 


construction equipment or techniques can be increased by the 


30 As an example see the article by Barry Donaldson, "Stone: 
New technology and design," Architectural Record, July 1987, pp. 
moo — 145. 


78 





designer, through design, if he knows they will be used. ?1 


An Example of a Practicability Problem 


An example of a practicability problem can be found in the 
design of the walls of the PAMT.32 The PAMT building was 
designed to have exterior walls composed of full height 
precast concrete panels. Precast walls are not a problem in 
most areas, but it turns out that they are uncommon in Maine. 
At the time of bidding on the building, there were only two 
companies in Maine that had the capabilities to precast the 
wall panels. As it turned out, the precast subcontractor 
chosen by the prime contractor, was unable to meet the 
construction time schedule due to an overload of work. The 


prime contractor was forced to send his own employees to the 


31 A lecture given on May 3, 1988 at M.I.T. by Frank 
Bassias, Head of the Boston Construction Managers employed by 
Turner Construction Company, made it clear that the existence 
and placement of the atrium in S.O.M.’s design of 75 State 
Street, Boston, Massachusetts, facilitated the use of the "Up- 
Down" construction technique and the Italian made equipment 
chosen by Turner as most appropriate for the technique. See 
also: Herb Lass and Susan Browne, "Pioneering earthy 
solutions," ENR, January 14, 1988. 


32 The following examples are provided solely to 
illustrate concepts and are not intended to imply failure or 
place blame on any person or entity. Situations described 
below are the rule, not the exception. Anyone who has been 
active in design or construction knows that just the 
completion of a building iS a commendable achievement in 
itself. All opinions and judgments expressed in the examples 
are solely the author’s and may not be correct. 
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precast plant in order to prevent major delays. Additionally, 
the prime contractor had to re-schedule the entire job and 
provide some temporary enclosure of the building so that 
interior construction could commence before the exterior walls 


were erected. 


The exterior walls caused the contractor quite a headache and 
probably came at a cost premium to the Navy. A wall system of 
more common construction might have been more readily 
available, more reliably scheduled, and less expensive due to 
more competitive bidding. Interestingly, the details at the 
precast panel supports??, and at the head and foot of the 
wall34 were redesigned during the construction phase because 
of needed corrections possibly caused by an inexperience of 


the designers with this type of wall system. 


Correctness 


The correctness of a design is probably the most apparent 
aspect of its constructibility during construction. By 
correctness we are referring to the errors and omissions in 
the drawings and the specifications. Errors in dimensioning, 


interferences between systems, unbuildable or inoperable 


33 Modification #3 to the PAMT Construction Contract 
34 Modification #4 to the PAMT Construction Contract 
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configurations, incorrect use of materials, missing details, 
and omitted systems or components required to make the 
building complete and usable, all come under the aspect of 
correctness. One of the major items that comes under 
correctness is unforeseen or hidden existing conditions. 
Although such conditions are generally not blamed on the 
designer, they are nonetheless a deficiency in the descriptive 


capacity of the design. ?° 


Correctness issues are readily apparent in almost every change 
order under a construction contract. They are also the basis 
of all liability litigation experienced by designers. 

Millions of dollars and thousands of workdays are expended 
because of errors and omissions in building designs. 

Insurance companies and law firms thrive on the imperfection 
of the human design machine. It is very difficult, while 
involved in the problems encountered during construction, to 
step back and see how much of the design the designers got 
right! If a 5% change order rate implies 95% perfection, 
designers have a great record. Ted Williams never batted 950, 


yet isn’t he a hero? 


35 See the 1988 MIT Masters Degree thesis "The effects of 
Inadequate Component Inspection on Facility Repair Projects" 
by Jim Cowell for a review of the construction costs of 
unforeseen conditions and a cost/benefit analysis of the 
latest methods of determining accurate existing conditions 
before and during design. 
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Regardless of the amount of the design that is correct, we are 
challenged by the amount that is not correct. Building 
construction is not a game, it is big business and affects the 
lives, health, and welfare of virtually everyone. The 
following are examples of how the correctness of a design 


Meceets its constructibility. 


An Example of a Correctness Problem 


For an example of a correctness problem we will look at the 
ASWOC project. The ASWOC building had sheet rock ceilings in 
the computer rooms. The HVAC system ductwork with associated 
louvers and valves was located in the plenum above the 
ceiling. Their were no access panels specified or located in 
the design through which the HVAC system could be maintained, 
tested or balanced, after construction of the ceiling. A 
change order was required to add the access panels to the 
construction contract. The mechanical design engineer 
expended much effort locating and sizing the access panels. 
Additionally, the contractor was unable to complete work on 
the ceilings according to his schedule. The change order?® 
increased the contract cost by $7,034.00, and extended the 


time by 15 days. 


36 Modification #23 to the ASWOC Construction Contract 
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Clarity 


The issue of clarity deals with the effectiveness of the 
descriptive capacity of the plans and specifications. The 
construction documents exist solely to guide the constructor 
in estimating, bidding, and constructing the building. This 
"reason to be" requires the documents to completely describe 
the building and all factors that might affect its 
construction, without any ambiguities. Clarity therefore is 
the relative effectiveness of the owner and designer in 


communicating their requirements to the constructor. 


Since the language of building constructors iS specialized, 
the designer must be able to communicate in that language. 
Optimally, the designer, owner, and constructor will speak a 
common language, with the same grammar, syntax, and 
definition. The constructibility of a design will suffer or 
benefit respectively based on the completeness, directness, 
and consistency of the information in the construction 


documents. 


An Example of a Clarity Problem 


One of the auto work bays at the Auto Hobby shop was planned 
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to hold a paint spray booth, which is a self contained, pre- 
engineered compartment designed for painting cars and trucks. 
Paint spray booths have specialized HVAC and fire protection 
systems, and are typically built ina factory and shipped to 
the construction site and installed as a unit into the 
building. The construction drawings for the Auto Hobby Shop 
showed where the paint spray booth was to be installed, and 
indicated some electrical and mechanical hook-up requirements. 
However, the contract specifications did not include any 
mention of the quality or performance requirements for a paint 


spray booth. 


After award of the construction contract, the contractor asked 
the Navy what kind of paint spray booth they were going to 
install and when they would install it. The Navy responded by 
saying that the contractor was responsible for providing the 
paint spray booth. The contractor then claimed that the booth 
was not included in the contract, arguing that although its 
location was shown, there was no clear indication that the 
Navy had wanted the contractor to provide it. There was 
nothing in the specifications which mentioned the booth or its 
quality or performance requirements. Because of this, the 
contractor had reasonably assumed the booth would be furnished 


by the Navy, as were other pieces of equipment. 


The result of the clarity problem in this case resulted ina 
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change order? / 


to the construction contract by which the Navy 
paid $9,675.00 extra for the purchase of the paint spray 
booth. The contractor agreed to install the booth at no extra 


cost. Five days were added to the contract in conjunction 


with the change order. 


Constructibility Categories 


Hierarchically, constructibility is primarily composed of the 
three major issues of Practicability, Correctness, and Clarity 
as described above. These major issues can be further 
decomposed into constructibility categories which will help us 
further define what we mean by a desSign’s constructibility. 
The categories encompass the specific and distinct generic 
problems and opportunities that can exist in a building design 
and affect its constructibility. Figure 3.1 1s a listing of 
the constructibility categories under their major issue 


heading. 


We feel that all constructibility problems and opportunities 
in a design can fit into one of the categories. The 
categories represent the specific constructibility issues 


which automated building design tools must be able to address 


37 Modification #3 to the Auto Hobby Shop Construction 
Contract 
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to be of pratical and beneficial use. The categories are also 
presented as an organizational tool for use in the collection 
and study of constructibility knowledge. We will now discuss 
each category in some detail, giving actual examples from the 
case study buildings where an example will assist in 


eepolanation. 


CONSTRUCTIBILITY CATEGORIES 


PRACTICABILITY 


Simplify Design 
Standardization 
Module Engineering/Preassembly Scoping 
Accessibility 
Adverse Weather 
Specifications/Appropriate Quality 
Local Construction 
Adequate Time 
Advanced and New Technologies 


CORRECTNESS 


Missing Requirements 
New Requirements 
Inoperable/Unfeasible Design 
Interference 
Unforeseeable Conditions 
Unnoticed Existing Conditions 
Incorrect Use/Application of Materials 
Incorrect Dimensions 
Code and Regulation Violations 


CLARITY 


Conflicting Plans and Specifications 
Missing Specifications 
Unclear Specifications 
Drawing/Specification Location in Documents 
Unclear Drawings 





FIGURE 3.1 Constructibility Categories Under Major Issues 
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Practicability Categories 


Simplify Design?® 


Simplifying the design for ease of construction is the basis 
of this category. The opportunity to do this is of course 
dependent upon how the simplification affects the operability, 
Maintainability, and aesthetic attributes of the design. 
O’Connor et al give the following techniques to simplify a 
Meertgn for constructibility: 

1. Use a minimum number of components, elements, or parts for 
assembly. 

2. Use readily available materials in common sizes and 
configurations. 

3. Use simple, easy to execute connections with minimum 
requirements for highly skilled labor and special 
environmental controls. 

4. Design so that dimensional adjustments can be made in the 
field. 


5. Design to minimize construction task interdependencies. 


38 The categories of Simplify Design, Standardization, 
Module Engineering/Preassembly Scoping, Accessibility, Adverse 
Weather, and Specifications/Appropriate Quality are taken 
directly from research by James T. O’Connor et al that 
presents them as constructability concepts for engineering and 


procurement. For a complete discussion of these concepts, 
see: James T. O’Connor, Stephen E. Rusch, and Martin J. 
Schulz, "Constructability Concepts for Engineering and 


Procurement," Journal of Construction Engineering and 
Management Volume 113, Number 2, (June 1987): 235 - 248. 
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6. Consider handling, inspection, and testing requirements. 


Simplifying the design does not refer to minimizing the 
Grawings or specifications. The knowledge required to 
Simplify a design is knowledge of material, tool, worker and 
equipment capabilities and alternatives. Bath Iron Works 
Producibility Assurance Program has simplified design as one 


of its major objectives. 


As an example of the Simplify Design category we will look at 
the cast in place concrete walls at the Telephone Exchange 
Building. The cast in place concrete walls designed for the 
Telephone Exchange Building were designed to be placed in one 
monolithic pour. While planning the work the contractor 
determined that they would be more easily constructed if the 
walls could be placed in two different vertical sections. The 
quality of the placed concrete could also be better guaranteed 
if two placements were used. The contractor proposed the 
design change which called for a horizontal construction 
joint. The architect and engineer approved the change and 
made the decision about the location of the construction joint 


so that it would not affect the aesthetic quality of the wall. 
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| Standardization 


Standardization of components in a system or throughout a 

building increase constructibility by taking advantage of 
learning curve efficiencies, volume purchase discounts, and 
Simplified materials procurement and management from fewer 
differing materials. Both the designer and the constructor 
can get into difficulties caused by the requirements of 


numerous variations of a component. 


The ASWOC design specified ten different types of ceilings 
throughout the building. In one case the contractor found 
himself with not enough of one of the types, and when he went 
to order more, the style had been discontinued and a new type 
had to be chosen. For some of the bathroom/shower ceilings, 
the designer had specified a metal ceiling, but did not 
specify aluminum. A change order to the contract was required 
to prevent installation of a steel ceiling that would have 


rusted in the humid atmosphere of a bathroom. 


The many ceiling types also proved to cause extra work in that 
each of the different types of ceilings had to be submitted 
for approval by the contractor and then approved by the Navy. 
This in itself was quite an effort since copies of each 
submittal are distributed to five separate parties. Even 


after construction, the many ceilings cause extra work because 
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maintenance stock for each ceiling type must also be handled 
and stored. Standardization of the ceiling types could have 
eased the logistics and prevented some of the problems without 


great sacrifice to aesthetic quality. 


Module Engineering/Preassembly Scoping 


This category refers to the opportunity to identify project 
components or subsystems that may be beneficially constructed 
or fabricated away from the final workface. Designs can be 
tailored to facilitate the fabrication, transport, and 
installation of the modules. The benefits of module 
engineering and preassembly scoping include improved task 
productivity, parallel sequencing of activity, increased 
safety, improved quality control, and a reduced need for 
scaffolding. Such design should consider the methods of 
transport, lifting limitations, delivery route restrictions, 
and module to module connections. Modularization should be 


addressed during the conceptual or schematic phase of design. 


As an example of Modularization/Preassembly Scoping we will 
look again at the precast concrete walls at the PAMT. 

Although the walls may have been impractical in the sense that 
local construction conditions were not favorable to 


precasting, precasting the walls may well have been a 
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reasonable construction technique. (Here we see the value of 
economic analysis techniques which can help us decide which 
issues will prevail as the dominant decision factors.) By 
precasting the walls at a precasting yard, the designers 
avoided the requirement for scaffolding. In contrast to the 
ASWOC which had walls of split-faced-fluted concrete block 
topped with separate precast concrete fascia panels, the PAMT 
walls, once finally at the site, were erected very quickly. 
The same crane that lifted the ASWOC fascia panels into place 
was used to lift the whole wall panel at the PAMT. The need 
for the labor intensive and time consuming masonry work that 
the ASWOC walls required was eliminated by the use of the 


precasting technique. 


It is interesting to note that both buildings experienced 
problems related to delays in "closing in" the building and 
the extreme winter weather conditions in Maine. One could 
always argue that the problems on both buildings were not 
inherent in the design, but caused by a general contractor who 


was inexperienced with building construction. 3? 


39 Both buildings were constructed by Reed & Reed of 
Woolwich, Maine. Although Reed & Reed had extensive 
construction experience in building bridges and other heavy 
industrial concrete construction, these were the first 
buildings which they attempted to build. Interestingly, both 
buildings were also designed by the same designer, 
Webster/Baldwin/Day/Rohman/Czarniecki of Bangor, Maine. 


ol 





Accessibility 


The accessibility of manpower, material and equipment during 
construction can be promoted or hindered by the design. Poor 
accessibility results in delays in progress, slowed 
productivity, and increased damage to completed work. 
Designers should have guidelines for minimum spacing of 
project elements. Well defined access lanes and clear spaces 
for pieces of equipment should be designated. Designers 
should also consider methods of transport and erection, 
construction equipment sizes and needed clearances. It is 
important to recognize potential congested construction 
activities that are sequenced in parallel and that are in 


close proximity to each other. 


The design for the ASWOC had a potential accessibility problem 
which involved an uninterrupted power supply (UPS) unit which 
was to be supplied by the Navy and installed by the 
contractor. As it turned out, the Navy was not able to supply 
this large unit in time for it to be placed in its space 
before the walls and ceilings were placed. One reason for 
this was that the Navy had decided to provide a different 
Capacity unit than originally planned. Construction of the 
Space proceeded, however, ordering of the final UPS unit was 
delayed until a mock-up of the desired unit was built by the 


contractor under a contract change order to check its 
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accessibility. The mock-up was then maneuvered into the space 
through the now existing doorways. Luckily the wood framed 
mock-up fit through all of the openings, and its accessibility 


was verified. The unit was then ordered. 


Accessibility is one of the issues in which 3D computer 
modelling systems can be of help. During the Bechtel lecture 
at MIT49, Mr Killen described how Bechtel was utilizing 
computerized simulation models to plan work flows and 
logistics. They have been able to identify bottlenecks and 
potential accessibility problems during the design phase so 
that either the design can be altered or different 


construction techniques can be planned for. 


Adverse Weather 


If the building site is in an area where extremes in 
temperature or weather are normally, or expected to be 
experienced, the designer should be sensitive to how such 
adverse weather will affect the construction of what is 
designed. One common problem is mud, and the designer should 
investigate ways in which its effects can be minimized. In 
cold climates, quality sensitive work conducted outdoors 


should be minimized. The constructibility challenges of 


40 Timothy S. Killen, lecture at M.I.T. in March, 1988. 
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weather include limited scheduling windows, site access 


limitations, and quality control concerns. 


One example of weather problems occurred during the 
construction of the PAMT roof system. The foam insulation was 
delivered on the site and stored on the roof deck, in piles, 
by the roofing subcontractor. Before the insulation could be 
installed, rainstorms soaked some of the insulation which was 
not adequately protected. Fortunately the designers had 
considered the weather. The roofing specifications required 
that the insulation be protected against the weather, and 
stated that no insulation that had been exposed to rain could 
be installed. (Insulation loses much of its thermal 
resistance when it gets wet and it can never be thoroughly 
dried out.) The roofing subcontractor was forced to remove 
approximately 20% of the insulation from the site and provide 


other, unexposed insulation. 


The ASWOC project had a weather related change involving the 
timing of the construction of a new parking lot. The contract 
called for construction of the parking lot in the third phase 
of the project, which was after the completion of the new 
building. The contractor realized that the parking lot area 
would be a perfect staging area for his construction trailors 
and material storage trailors. However, he realized that 


unpaved, the area would be too muddy for his purposes. The 
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contractor subsequently asked for and received permission to 
construct the asphalt paved lot in phase one instead of phase 
three. The paved lot proved to work perfectly as a staging 


area. 


Specifications/Appropriate Quality 


Specifying the appropriate quality of material and 
construction for the application, and not overly constraining 
design configurations or the selection of equipment or 
material, can have measurable effect on a design’s 
constructibility. Improper standards or code-excessive 
specifications can be costly. Specifications should allow for 
and encourage cost-effective alternatives. Machine like 
tolerances, where unnecessary should not be required. The 
most beneficial tolerance relaxations permit the use of less 


sophisticated and expensive equipment and procedures. 


Of course there are certain areas where quality and tolerance 
1s imperative, namely in structural members and any moisture 
protective membrane, especially roofs. However it could be 
that cracks in concrete decks are more acceptable when the 
floor will be covered with carpet than when they are to be 
finished with a more brittle surface such as vinyl composition 


tile. There are usually many opportunities for standard 
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specifications to be tailored to the benefit of 


Semstructibility. 


An example of Specifications/Appropropriate Quality can be 
seen in the standard painting specification used for the 
ASWOC. The painting specification required all exposed sheet 
metal to be painted. During construction this requirement was 
waived for the exposed galvanized ductwork in the mechanical 
rooms, areas where unpainted exposed ducts are not an eyesore. 
This enabled other paint work which was required due to other 


change orders to be acquired at no increased cost to the Navy. 


Local Construction 


The category of local construction considers the local 
availability of materials, and expertise in certain types of 
construction. The example of the precast wall panels at the 
PAMT described earlier 1S an example of problems that can be 
caused by designing or specifying unfamiliar, or uncommon 


systems. 


Although many problems can be avoided by sticking with 
familiar locally used materials and techniques, the fact that 
such a practice might stymie the introduction of new and 


better technologies makes this category of constructibility 
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one of the more difficult to resolve. Designers should 


therefore thoroughly investigate the costs and benefits of 
novel systems. They should always, however, be aware of the 
strengths and weaknesses in the local construction market, and 


use this knowledge when making design decisions. 


An example of a local construction issue surfaced during the 
ASWOC project in the form of electromagnetic shielding. The 
ASWOC contains many computer systems which process highly 


sensitive information, and the ASWOC building was required to 


| be designed so that the information could not be detected by 


sensors outside of the building. The designers were directed 
to shield the whole building, walls, floor, and roof with a 
continuous membrane of quarter inch steel. All penetrations 
of the shield had to be specially designed to preclude leakage 
of any radio frequency data. The specifications required the 
welded seams of the quarter inch steel plate to be tested and 
retested to ensure that there were no cracks. This was the 
first building design in the local area which required such a 
shield, and local contractors had many questions about it 


prior to the bid opening. 


During a pre-bid conference held by the Navy for the benefit 
of the contractors, the shield was the major topic of 
discussion. The local contractors had no experience with the 


shielding process. By chance, one contractor from California 
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was present and described the difficulties they were 
experiencing in building a similarly shielded building for the 
Air Force in Sunnyvale, California. He described how the 
fluctuations in the daily temperature caused the steel plates 
to buckle and the welded seams to fail. He also described a 
$2 Million change order that was required because of the 
problems encountered while constructing the shield as 
designed. He warned the Navy and the designers that the ASWOC 


design had the same problems. 


The contract solicitation was subsequently cancelled as the 
Navy investigated the problems and came up with a different 
method of providing the security for the secret data. 
However, the construction documents had to be completely re- 
done to eliminate all of the shielding requirements. The re- 
design of course cost the Navy much less than if they had 
attempted to build the design. The Navy was lucky that a 
contractor with that specific construction knowledge had 
informed them of the problem before a construction contract 


was awarded. 


Adequate Time 


All construction contracts require the constructor to complete 
the work described in the drawings and specifications ina 


certain amount of time. In all Navy construction contracts, 
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there is also a clause called Liquidated Damages which assigns 
a cost to each day beyond the official completion date that 
the work remains incomplete. The category of Adequate Time 
refers to the fairness, practicality, and cost of allowing a 
construction period to be too long, or not allowing enough 


terme . 


The effects of specifying too short of a period for 
construction include a premium for quick performance, problems 
caused by not having enough time to plan properly, contractors 
submitting bogus claims in order to get extra time for 
completion so as to avoid having to pay the liquidated 
damages, unrealistic schedules which can make related planning 
meaningless, and bad feelings from the owner who finds he 


cannot occupy the building when he expected. 


Too short of a construction period can also limit the 
competition during bidding. This is especially true in an 
area that is experiencing a surge in construction activity. 
If a construction company is busy elsewhere, it may not have 
the ability to take on more work within the time frame that a 
contract requires. Busy contractors will probably not bid on 
projects with tight schedules. A good example of this 
phenomenon was the single bid submitted for the Auto Hobby 
Shop. The contract solicitation required the facility to be 


constructed immediately during a time of heavy demand for 
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construction in New England. Not only was there only one bid, 
but the bid was 25% above the Navy’s original estimated cost. 
If the Navy had recognized the market situation it could have 
increased the time for completion and probably attracted a 
few more bidders. As it turned out, eighty-five days were 
added to the contract construction period by different change 
orders. This extra time, if included in the original 
solicitation, could have enabled the project to be worked into 
other contractors’ schedules, and possibly reduced the cost 


due to the increased competition. 


On the other hand, allowing too much time for completion can 
cause needless financial losses. This occurs when a 
contractor could have constructed the building in a shorter 
time, but since he doesn’t have to, he draws out the work, 
using the total amount of time allowed. By doing this a 
contractor can perform other projects which may be more 
demanding of his resources. Allowing too much time not only 
takes the contractor’s focus off of your project, it 
effectively is tying up your money for a longer period of time 
than is required. Ona large construction loan this may 
increase loan amount guarantee fees. An unnecessary delay in 
completion can also prevent an owner from opening a money 
making establishment, thus precluding any profits that 


potentially could have been made during that time period. 
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When setting the time for completion in a construction 
contract, a deSigner must therefore be aware of the factors 
that can affect the construction schedule. These factors 
include long lead time materials or equipment required by the 
design, the local construction market, and the owners 


expectations and flexibility as concerns the completion date. 


Advanced and New Technologies 


Probably the most difficult category of constructibility for a 
designer to optimize has to do with the use of new or advanced 
technologies. This is true for two reasons. The first is the 
fact that it is often difficult for a designer to keep abreast 
of the latest construction materials, equipment, and 
techniques, which may enable him to optimize his design. The 
second reason is the liability assumed by designers when they 
specify or design an untried arrangement, construction 
sequence, system or material. Ina lecture to a class at 
M.I1.T, Dr. Thomas Liu of the Cambridge, Massachusetts 
geotechnical engineering firm of Haley and Aldrich indicated 
that the legal liabilities associated with novel or untried 
designs is the main factor which precludes their use, and 
slows the introduction and acceptance of beneficial new 


technologies into the construction industry. 
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The untested nature of a new material, technique, etc., along 
with the liabilities that could result from a failure in its 
early manufacture or application, immediately limit the 
advanced technology’s ability to increase the constructibility 
of building designs. The use of steel for a building’s 
structural frame is a perfect example. Although the large 
scale production of steel was possible from the late 1850s, 
the first wholly steel framed building was not designed and 
built until 1896.41 Reinforced concrete has a similar 
historical lag between its invention and acceptance by 


designers. 


An example of the benefits that can be had from knowing about 
and using a new technique is the now famous up-down 
construction employed by Beacon Developers at Rhowes Wharf, 75 
State Street, and 125 Summit Street, all in Boston, 
Massachusetts.4** According to Beacon Developers this 
technique has saved them much time and money in these building 
projects. One must ask then, why this technique is not 
employed more widely in the United States? Is it mainly 
because the geotechnical design firm of Haley and Aldrich is 
the only one capable or knowledgeable about the requirements 

41 James Sutherland, "Developments of the Use of 
Materials in Structures," in The Great Engineers, ed. Derek 
Walker (London: St. Martin’s Press,1987), pp. 108-118. 

42 Herb Lass and Susan Browne, "Pioneering Earthy 


Solutions," ENR (January 14, 1988). 
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of the technique to design for it? How much time and money 


could be saved if the technique was used at every opportunity? 


Up-down construction is just one example of the opportunities 
to increase the constructibility of buildings by designing for 
new construction techniques, specifying new materials, or 
investigating existing conditions with the most technically 
advanced equipment. Such new technologies can only be 
incorporated into a design by or with the approval of the 
designers. Designers must first be aware of the new 
technologies and then be convinced of their reliability and 
effectiveness. Designers need a tool that can help them 
recognize opportunities to use the new technologies. Such a 
tool would help increase the constructibility of building 


designs. 


Correctness Categories 


Missing Requirements 


A missing requirement is simply a component or system which is 
required to make the building totally functional, operable, or 
usable by the owner, that is not described or required by the 


design documents. This category does not include items that 
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the owner thinks of after the design is complete. Rather, the 





items under this category are those that the designers forgot 
to include, did not realize needed to be included, or that the 


owner forgot to request or assumed the designer would include. 


Missing requirements can be caused by poor design 
coordination. For instance, the mechanical designer may not 
totally coordinate his power requirements with the electrical 
designer, causing fans or pumps to be shown and required on 
the mechanical drawings, but no associated accomodation of 
their power requirements shown on the electrical drawings. 
Another cause for missing requirements 1S poor communication 
of the needs of the owner/occupants to the designers during 
design. An example of this from the ASWOC project is the 
requirement for plumbing, drainage, and ductwork for the 
installation of a sonic cleaner, a unit that cleans parts of 
communications equipment. The Navy forgot to tell the 
designers that this equipment would be installed in a certain 
room, and therefore the designers did not provide the required 
utilities in that room, or even in that area of the building. 
The utilities will have to be provided by a change orders to 


the design and construction contracts. 
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New Requirements 


New Requirements are items required to be provided in the 
building that the owner doesn’t know of until after the design 
is completed and construction has begun. When an item under 
this category requires a change to the construction contract, 
it does not mean that the design was incorrect, only 
uncontrollably deficient. New requirements come under 
constructibility issues because they always have an impact on 


the construction of a building. 


An example of the New Requirements category is the additional 
work required to accommodate computer hardware for a new base- 
wide supply information system at the PAMT. Subsequent to the 
design and the beginning of construction of the PAMT, the Navy 
purchased a large computer system for the Naval Air Station, 
whose components were to be distributed in different buildings 
throughout the station. The PAMT was selected to be one of 
these buildings, requiring it to be altered before it was even 
completed, so its electrical and HVAC systems could support 


the new computer hardware. 


As a result of the requirement, modifications to the design 
and construction contracts*? were made. The designers 


modified the design, which was then given to the contractor in 


43 Modification #6 to the PAMT Construction Contract 
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the form of a request for proposal to construct the design. A 
modification to the construction contract was then negotiated 
at a cost of $50,000.00 and a time extension of 103 days. 

This change order 1S a good example of the high cost of 


significant changes that are made late in the project. 


Inoperable/Unfeasible Design 


The category of Inoperable/Unfeasible Design covers all design 
that, when constructed, is unable to carry out its intended 
purpose. This category covers design deficiencies in the 
structural, mechanical, or electrical load capacities of 
systems, subsystems, or components. (A separate category 
covers designs which are operable but unfeasible due to code 
or regulation deficiencies.) Items under this category may be 
caused by errors of calculation, design phase changes not 
coordinated and considered throughout all systems, and simply 
a faulty design process or one which does not consider all 


necessary parameters. 


Sometimes the faulty design is discovered prior to the 
construction of the system, but many times the problem is 
discovered when the system is constructed and fails to 
perform. An example of an Inoperable/Unfeasible Design 


occurred at the ASWOC involving a cantilevered roof overhang. 
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The overhang was framed with structural steel and supported a 
reinforced concrete roof slab and a precast concrete fascia. 
When the precast fascia panel was attached to the steel, the 
framing quickly deflected by as much as six inches off of 
level. A brace post was brought in to support the overhang 
until the structural engineer could design a fix. The 
engineer designed some extra bracing for the cantilevered 
overhang to eliminate the deflection, and the construction 
contract was modified4? to provide the installation of the 


brace. 


A mechanical example of inoperable/unfeasible design occurred 
at the ASWOC and involved a suite of five rooms that were to 
be specially constructed for sound isolation. The architect 
correctly specified special sound seals around the doors 
between the rooms in this area, but failed to notify the 
mechanical engineer. The mechanical engineer had supplied air 
to each of the five rooms but designed the system such that 
air would be exhausted through an intake in only the central 
room of the suite. He assumed that the air from all the rooms 
would move freely from room to room through open doors or 
beneath and around closed doors. Since the doors in the suite 
were tightly sealed and always kept closed, it turned out that 
there was no way for the air to be exhausted from four of the 


rooms. The fix for this situation was designed by the 


44 Modification #23 to the ASWOC Construction Contract. 
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mechanical engineer and consisted in sound absorbing, offset 
wall louvers which allowed the air to move from room to room 
but maintained the required sound isolation barrier. A 
modification to the construction contract provided for the 


installation of the wall louvers. 


Interference 


Interference is a rather famous constructibility problem that 
manifests itself during the design phase. O’Connor and 
Tucker’? found that as a general rework cause, physical 
interferences are the most common. They list a number of root 
causes of physical interferences, but they boil down to the 
aifficulty and inability to visualize the three dimensional 
integrated systems in a two dimensional format. Bechtel4® and 
others are beginning to integrate their design process and are 
designing now in three dimensions. The Bechtel 3D system 
automatically highlights all interferences on the computer 
screen. It seems that such a system will catch everything 
except the interferences caused by uncommunicated and 
uncoordinated changes, or overlooked systems, subsystems or 
components. 

45 James T. O’Connor and Richard L. Tucker, "Industrial 
Project Constructability Improvement," Journal of Construction 
Engineering and Management Vol 112 No. 1 (March 1986): pp. 77-79. 

46 Tom Killen M.I.T. lecture, Spring, 1988. 
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A typical example of interference occurred on the ASWOC 
project between the ductwork in the intersticial space and the 
structural steel framing members. The problem was probably 
caused by an owner requested change in the building height 
which resulted in the reduction of .the vertical space between 
the finished ceiling and the roof deck. The request came late 
in the Construction Documents phase of design and apparently 
the structural engineer was informed and he shortened the 
columns. The architect took care of the wall details, but no 
one seems to have informed the mechanical engineer who had 
already sized his ductwork with a large controlling vertical 
dimension.*’ Subsequent to the construction of the structural 
frame and some of the interior walls, but prior to 
installation of the HVAC ductwork, the contractor discovered 
that the HVAC ductwork above the ceiling was blocked by the 


structural framing members of the roof. 


As it turned out, the mechanical engineer redesigned the 
Guctwork in consideration of the actual controlling 
clearances. Luckily the problem was discovered prior to the 
fabrication of any of the affected ducts. The redesign was 
performed in time to preclude a delay to the critical path of 
the construction schedule. 

47 This assessment is my conjecture based on conversations 
with various people and knowing the history of the design phase. 
The engineer has since claimed that he should be reimbursed by 
the Navy for doing work which should have been done by the 


mechanical subcontractor. 
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As a final comment on interferences the following is presented 

from the O’Connor and Tucker study: 
"Perhaps the one unifying characteristic of these 
causes of physical interferences is that they all 
stem from attempts to crash the design schedule. Of 
course a certain amount of "quick engineering" is 
inevitable, for it is not uncommon for certain 
project systems to be, by necessity, the last 
designed but the first constructed - as with pipe 
racks. In these cases, rushed review procedures 
typically follow and physical interferences are 
likely to occur. However, the attitude of design 
managers to "get it on paper and they’1l take care 


of it in the field" may well be the primary root 
cause of physical interferences." 


Unforeseeable Conditions 


Unforeseeable Conditions are those site related problem 
conditions, hidden from inspection until construction 
operations expose them, that require a change to the design or 
to the expected construction operation. Unforeseeable 
Conditions are those conditions that could not be noticed, 
deduced, projected, expected, or implied by other known 


existing conditions, site surveys or test borings. 


This category of constructibility problem is not uncommon, 


especially in the building system categories of substructure 


48 o’Connor and Tucker, "Industrial Project 
Constructability Improvement," p. 79. 
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and foundations. Other building systems can be affected by 
unforeseeable conditions such as storms of great magnitude, 
strikes, material availability problems, coordination 

difficulties with neighboring owners’ operations schedules, 


and utility outages and scheduled shutdowns. 


Some problem conditions will come in the gray area between 
Unforeseeable Conditions and Unnoticed Existing Conditions. 
Many law suits have been argued over what was shown in the 
design documents, what was implied, what should have been 
expected, and what should have been investigated. Hopefully 
with the development of new technologies for site 
investigations’? the gray areas will be reduced and the 


litigation record of these conditions will improve. 


An example of an Unforeseeable Condition occurred on the 
Telephone Exchange Building project during the excavation for 
the wall footings. The contractor found what appeared to be a 
weak Soil condition in the area of the Southeast corner of the 
building. A soil testing lab was called in to take samples 


for analysis of the soil to determine its bearing capacity. 


42 Some research is being done at M.I.T. by Dr. Ken Maser 
using ground penetrating radar techniques etc.. Also Carlos 
Nowak is developing an expert system called "NOMAD" which builds 
a 3D ground profile from information attained from borings. 
Additionally, Jim Cowell is studying the costs and benefits of 
the latest investigation techniques and developing a systematic 
way to determine the optimal level of pre-construction 
inspection. 
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The tests resulted in a requirement to remove a pocket of 
unsuitable soil and replace it with compacted gravel. This 
requirement became a modification to the construction contract 
which cost the Navy $4,347.00 and added five days to the 


construction period. °° 


Unnoticed Existing Conditions 


In this category we place problems that could have been 
avoided by more thorough site evaluation than was performed. 
Existing conditions in this category are ones that cause a 
problem but should have been anticipated, checked out, and 
designed around. Unnoticed Existing Conditions also covers 
extraneous requirements that should be communicated to the 
constructor via the construction contract documents, including 
such things as mandatory delivery routes, restricted access 
information, noise level restrictions, security requirements, 


and other limitations on the contractor’s activities. 


An example of an unnoticed existing condition occurred on the 
ASWOC project in the form of underground steam pipe designated 
for removal by the contractor. The steam piping was shown on 


the removals site plan with a schematic dashed line showing 


20 Modification #1 to the Telephone Exchange Building 
Sonstruction Contract. 
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its approximate location. The designer obviously knew that 
the steam pipe was old, abandoned, and requiring removal. The 
constructor found the steam line in the locations shown, but 
also found that the line was insulated with asbestos, as was 
almost all steam line installed during the same time period. 
The removal of asbestos coated pipe is a whole different 
operation than removing plain pipe. The on site environmental 
controls are costly and time consuming, the asbestos insulated 
pipe is disposed of at special dump sites, and the work is 


performed by a different subcontractor. 


Subsequently, a modification to the construction contract was 
conformed costing the Navy an additional $33,800.00.°1 
Although a small portion of the removed pipe did not contain 
asbestos, most of it did. The designers and the Navy should 
have been aware that the steam pipe probably had asbestos 
insulation, and should have checked it to determine the exact 
Situation and prepared the design documents accordingly. If 
the existing condition had been included in the design 
documents, a more competitive price may have been attained for 


the asbestos removal. 


21 Modification #26 to the ASWOC Construction Contract. 
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Incorrect Use/Application of Materials 


The incorrect use or application of materials in a design can 
be caused by the designer’s lack of familiarity with the 
material, system or component, or a lack of understanding of 
how it will connect or perform in combination with other 
materials, systems or components. During the construction 
phase these problems are usually noticed by the constructor 
and brought to the owner’s attention. The designer will 
normally replace the material with one compatible to the 
Situation, but at times insists that the material be tried. 
Many designers have had to change their minds only after the 


material is tried and fails to perform. 


This category of problems could be seen as designers 
experimenting with different combinations of materials, which 
is a good thing. However, the experimenting should not be 
done in the context of construction contracts, unless this is 
desired by the owner. Usually there is some lack of 
understanding of the material performance characteristics when 


this type of problem occurs. 


The Auto Hobby Shop had two good examples of the incorrect use 
of materials. First, the roof design called for the use of an 
asphalt coated roof felt layer below an EPDM membrane. The 


asphalt coated felt is not needed when a rubber membrane roof 
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material is used. In this case the Navy was able to delete 
the asphalt coated felt from the contract at a savings of 
$500.00.°2 The second example concerned a cementitious wall 
coating. The exterior elevations of the building were 
primarily split faced fluted concrete masonry units, but the 
areas around the windows were specified to be plywood coated 
with a certain cementitious material that was applied as paint 
would be. The contractor notified the Navy that the 
cementitious material was not meant to be applied directly to 
plywood, but the architect demanded that the combination of 
materials was sufficient as designed. When the finish was 
applied to the plywood, the wood soaked up the thin carrier 
medium, and the finished product was unsatisfactory as the 
contractor had predicted. The application of the material was 
stopped until a new material suitable for the application 
could be found. The contractor and the designer worked 
together, found an appropriate coating, and made the required 
changes to the design to accommodate the new system. The new 
system was provided by the contractor through a modification 
to the construction contract.°? The requirement for the 
change in materials cost the Navy $1,108.00 and added 17 days 


to the construction period. 


92 Modification #8 to the Auto Hobby Shop 
Construction Contract. 


93 Modification #15 to the Auto Hobby Shop Construction 
Sencract. 
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Incorrect Dimensions 


Dimensioning is the act of specifying a distance between two 
objects, or the size of a single object. In a building 
design, dimensioning is crucial because it is the only 
information given to the constructors which tells them exactly 
the designers’ desired configuration of building elements. 
Problems will arise during construction if important 


dimensions are missing or incorrect. 


If a required dimension is missing, the constructor may have 
to stop work and ask the designer his intent, or he can guess 
at the designer’s intent or preference. Obviously, the first 
option will slow down the construction process due to the need 
for further communication. The second option is quite risky 
for the constructor, and is the cause of much ill feeling 
between constructor and designer. A third scenario, which is 
quite often the case, is when the incorrect dimensioning is 
discovered after the configurations are constructed. If this 
happens, work usually stops until the designers and 
constructors can agree on a compromise, or decide to tear out 


the work and build it again with corrected dimensions. 


The ASWOC project had dimensioning problems probably because 
of the fact that the steel plate shield (discussed earlier) 


was erased from the design documents when it was determined 
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that it could not be adequately constructed. The shield had 
taken up space and appeared in almost every plan, elevation, 
section and detail. Thus when it was removed, errors in the 


dimensions were bound to appear. 


In one instance during excavation for the foundations, it was 
found that the exterior dimensions of the building would not 
close. This caused a delay in the excavation operations while 
the surveyor and architects corrected the problem. Another 
instance where the dimensioning did not work out was in the 
lobby of the building. A hallway was supposed to intersect 
the lobby such that the hallway’s ceiling treatment could 
continue straight into and through the lobby and terminate 
directly over the center of the information desk. As it 
turned out, the dimensions had been off and the ceiling would 
have not coincided with the center of the desk. In this case, 
the solution was to put a break in the ceiling treatment 
before it entered the lobby, and offset its continuation such 
that it would center on the information desk. The small 
offset required electrical changes, millwork changes, and 
sheetrock framing changes. Thus three trades, whose work was 
performed by three different subcontractors, plus the general 
contractor, were affected by the problem. Both of the above 


mentioned problems resulted in modifications to the 
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construction contract. 4 


Code and Regulation Violations 


The Code and Regulation Violations category covers 
constructibility problems caused by the design or construction 
not being in conformance with the building codes and 
government regulations in force at the time and location of 
the project construction. This type of problem usually 
surfaces upon inspection of the construction by the persons 
responsible for the enforcement of the codes and regulations. 
There is usually no room for compromise when it comes to 
violations. The problem must be corrected through redesign, 
and if already constructed, usually through removal and 


reconstruction. 


Navy construction contracts are subject to the Buy American 
Act, and this law is the source of many problems during the 
construction phase of projects which come under its veil. 
There are two generic problems that result from the Buy 
American Act. First, contractors tend to ignore the 


requirements of the act and sometimes install foreign made 


24 modifications #24 and #45 to the ASWOC Construction 
Contract. 
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materials during construction. The Navy is required to make 
them remove the foreign components and replace them with 
American made components. The fencing subcontractor on the 
ASWOC project was forced to take down a large portion of chain 
link fencing because the components were made in Mexico. The 
second standard problem is when the designers specify the 
inclusion of components which are not made in America. Leaded 
glass, clear wired glass, and self contained control valves, 
are examples of components not made in America. Usually a 
roundabout series of transactions must be used to make 
everything legal if a design contains such components. In the 
ASWOC for example, clear wired glass used for interior fire 
rated windows had to be deleted from the construction contract 
and purchased by the Navy under a supply contract, a purchase 


method which is not covered by the Buy American Act. 


A design can also suffer from life safety and/or environmental 
protection code violations. The Auto Hobby Shop has such a 
problem concerning its underground waste oil tank. During the 
design phase, the Maine State Environmental Code was changed 
to require buried oil storage tanks to be either double walled 
or encased in a concrete containment vault. Unfortunately the 
construction contract documents did not include this 
requirement. The contractor subsequently submitted and 
received approval for the installation of a single walled tank 


without a concrete containment vault. The tank was installed, 
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as designed and approved, by the contractor. Upon 
registration of the tank with the state environmental office, 
it was discovered that the installation did not meet the code. 
Unfortunately, the tank must now be dug up and reinstalled in 


accordance with the State’s code requirements. °°? 


Clarity Categories 


Conflicting Plans and Specifications 


The construction documents are divided into two types of 
descriptions, the plans and the specifications. The plans are 
the familiar blueprints (drawings) of the building’s layout 
(plans), elevations, cross sections, and details. They 
contain some printed information which helps describe the 
drawings. The plans are normally drawn on 30" x 40" pieces of 
tracing paper, and are numbered with an alphanumeric symbol 
which divides them into the basic building systems. For 
example, sheets Cl through C6 would hold Civil Engineering 
Grawings which include site configurations, details, roads and 
walks, and landscaping. The "A" sheets stand for 

25 The Navy is currently attempting to make the designers 
pay for the removal and reinstallation of the oil tank, claiming 
it was the designer’s responsibility to design in accordance with 
all applicable codes. The problem has strained the relationship 
between the Navy and the designer, who had performed relatively 
well on the remainder of their work. The project experienced a 


net change order rate of approximately 2.5%. 
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atieeectural, "E", "p", "Ss" and "M" for Electrical, 
Plumbing, Structural, and Mechanical respectively. The 
different drawings are usually prepared by different people, 
and quite often by completely different companies. 

The specifications are typed documents which are written to 
describe the quality of materials, as well as installation and 
performance requirements of components, subsystems, and 
systems of the building. The specifications are printed on 
standard letter size paper, and are organized into sixteen 
divisions which generally correspond to the major building 
systems. The sixteen divisions are further subdivided into 


subdivisions which correspond to building subsystems. 


Together, the plans and specifications make up the 
construction documents, and along with the contract-oriented 
general and special provisions, they comprise the construction 
contract. At times, however, the plans are not fully 
coordinated with the specifications, and information provided 
in each may conflict. For instance the plans may show both 
supply and return ductwork as being insulated, whereas the 
specifications for insulation may require that only the supply 
ducts be insulated. There is usually a standard paragraph in 
the General Provisions which gives priority to the 
specifications when a conflict occurs. The presence of this 
provision 1s evidence to the fact that conflicts are not 


uncommon, and can cause both bidding and construction phase 
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problems. 


The ASWOC project had a good example of conflicting plans and 
specs in the area of doors and door hardware. Essentially 
there was a different number of doors shown on the plans than 
called out in the specifications. Also, doors requiring 
electric cipher locks and alarms were not the same doors in 
the plans as in the specifications. A large coordination 
effort was required during construction between the electrical 
Subcontractor, the door and hardware subcontractor, the 
general contractor, the architect, and the Navy to straighten 
out the problems. Additionally, the clarification required a 
modification to the contract which cost the Navy $16,926.00 


and 18 more days in the construction period.°?® 


Missing Specifications 


The Missing Specifications category refers to components, 
systems, or subsystems called for in the plans, but not 
described in the specifications. At best a constructor will 
translate the lack of specifications as a desire by the 
designer for him to provide the minimum quality item or 


configuration available. At worst, the contractor will claim 


96 modification #39 to the ASWOC Construction Contract. 
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that since the item was not described in the specifications, 
there was no way to bid on it so he did not include it in his 
bid price. In this case, the contractor will expect to be 
given specifications for the item and to be reimbursed for its 


cost via a contract modification. 


The previously described example of the paint spray booth at 
the Auto Hobby Shop is a good example of the missing 
specification problem. Another example occured on the ASWOC 
project and involved fire extinguishers and extinguisher 
cabinets. The plans showed the locations of fire 
extinguishers, but the specifications did not mention them at 
all. Also, no mention was made of the type or capacity of the 
extinguishers, and nothing was said about the size or type of 
extinguisher cabinets that were desired. One detail on the 
drawing which showed details for millwork showed how the 


millwork was supposed to frame the extinguisher cabinets. 


The outcome of the extinguisher situation at the ASWOC was 
that the Navy supplied the fire extinguishers and mounting 
hooks while the contractor agreed to provide blocking in the 
Walls for the hooks and to mount them on the walls. It was 
shown that there are type specifications for extinguishers and 
extinguisher cabinets which are normally used when these items 
are expected to be provided by the contractor. It was also 


shown that there was no information in the contract documents 
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by which the contractor could determine the size or types of 
extinguishers that were required, and he claimed that he was 
reasonable to not carry any costs for them in his bid price. 
Another interesting example of a missing specification problem 
on the ASWOC project involved duplex electrical outlets and 
boxes which were located in the raised computer flooring. The 
contractor claimed that since there was no specification for 
the outlet boxes, he was not supposed to provide them. The 
Navy claimed that the drawings showed the location, details, 
and other information about the outlet boxes on the drawings, 
and ordered the contractor to install them per the drawings. 
Without any clarification of the requirements for the outlet 
boxes, the contractor installed the outlet boxes but took his 
case to the Armed Services Board of Contract Appeals. The 
Court held in favor of the Navy saying that there was enough 
information in the drawings for the contractor to estimate and 
bid on the work, without the need for specifications. The 
court pointed to the fact that the contractor did 
satisfactorily install them without any direction other than 


the original set of drawings. 


Unclear Specifications 


Although the specifications are supposed to clarify and detail 


the quality, performance, location, etc. of building 
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components, subsystems and systems, there are many times when 
they fail to do this. When specifications are unclear it may 
be because there is a word or a number missing from the text, 
there may be two opposing requirements for the same component, 
they may refer to an outdated or unpublished standard, they 
may ask the contractor to coordinate the requirements of the 
specific specification section with another specification 


section which is not included with the contract, etc., etc. 


Specifications are usually prepared late in the design phase 
of a project, and are often prepared by persons other than the 
designers. Typically, and especially in Navy construction 
specifications, a particular project’s specifications are 
based on pre-written master specifications, sometimes called 
"type specs". There is a master specification for virtually 
every specification section and subsection. The persons 
responsible for preparing a project’s specifications must 
first look at the drawings very carefully and then collect all 
of the applicable type specs for editing. This is the stage 
where the need for a specification could be overlooked, 
resulting in a missing specification. (It should be noted 
that usually the specifications for the major building systems 
will be prepared by the different system consultants, e.g. the 
electrical system specifications will be prepared by someone 


with an electrical background. ) 
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Once all of the type specs are collected, the specification 
writer will go through each spec section and edit out portions 
which do not apply to the particular project. He will also 
fill in blanks with the number, word, or symbol appropriate 
for the project. The spec writer can add or delete words or 
sentences, with the whole intent being the tailoring of the 
type specs to the specific project. Just as a tailor will fit 
a stock suit to a particular customer, the spec writer will 
shorten the sleeves and lengthen the pants, take it ina 
dittle here and let it out a little there, until the 


specifications cover the total design without any open seams. 


It is in the process of tailoring the specifications that they 
can become unclear. This can be caused by inexperience (I 
once had to prepare specifications for a design for a 
rehabilitation of a cafeteria on a Navy Base, and I had no 
idea what I was doing), time limitations, coordination lapses, 
and unfamiliarity with the type specs. Since the type specs 
are written by others with much design and construction 
expertise, it may be that one needs both deSign and 
construction experience in order to be able to prepare 
specifications. (Certainly I have personally found this to be 


true.) 


An example of specifications whose intent was not clear 


occurred on the ASWOC project in specification section 15250: 
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Ductwork and Accessories. The confusion concerned whether 
there waS a requirement to externally insulate acoustically 
interior-lined HVAC ducts. The mechanical engineer’s 


assessment of the situation was as follows: 


"Table 2 information is definitely confusing, and 
one would not be unreasonable to conclude that no 
additional insulation is required on lined ducts. 

On the other hand, wording of Paragraph 3.1.3.2 
Suggests the government wants lined ducts to have 
the same thermal insulation effect as unlined ducts. 
If the cross reference had been in paragraph 
3.1.3.6, rather than table 2, there would be no 
doubt that additional duct wrap is required."°?/ 


When there is a case of specifications being unclear, the 
ruling is usually made against the party who prepared the 
specifications, as long as the contractor’s interpretation is 
reasonable. This is the rule of Contra Proferendum, whose 
argument is that the preparer has the time and responsibility 
to make the specifications clear, thus it would not be just to 
hold the contractor responsible for failures due to causes 
over which he has no control.°® The duct insulation case 
described above was resolved in accordance with the 
contractor’s interpretation of the specifications, and it was 
27 Richard P. Whitney, ASWOC project Mechanical 

Engineer, letter to LT Dan Berenato, dated November 

14, 1986. 

98 Irv Richter and Royo. Micehnel ll, Handbook of Construction 
Law_and Claims (Reston, Virginia: Reston Publishing Company, 
1982), p. 29. [This book has a good discussion on the problems 


that can be encountered with specifications, pp. 14 - 30.] 
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determined that no exterior insulation would be added to the 


eucts. 


Drawing/Specification Location in Documents 


Another problem can arise during bidding and construction if 
the requirements for a component, subsystem or system are not 
located in their traditional or normal place within the design 
documents. The problems arise because of the way 
subcontractors estimate a job and the way the general 
contractor assembles the bid. (This was described in the first 
chapter of the thesis.) In essence, if a component or 
subsystem of a building system (electrical, mechanical, 
plumbing, structural, etc.) is not shown in the specifications 
or drawings where such a component or subsystem is usually 
described, a subcontractor may not notice it and it will not 


be included in his bid price. 


An example of this type of problem occurred on the ASWOC 
project and involved the bathroom mirrors. The mirrors were 
shown on the drawings and specified under the Glazing section 
of the specifications. The subcontractor who bid on the work 
covered by the Glazing section carried a cost for the mirrors 
as they were specified in that section. However, under the 


Miscellaneous Metals section of the specifications there was a 
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requirement for the mirrors to have metal frames. The 
subcontractor who bid on miscellaneous metals work assumed 
that the glazing subcontractor would supply the mirrors with 
metal frames aS a prepared assembly, and therefore did not 
carry a cost to provide the metal frames separately. As it 
turned out, the glazing subcontractor did not know of the 
metal frame requirement, and therefore did no carry the cost 
of framed mirrors, nor did he supply framed mirrors to the 
jobsite. Because the metal mirror frames and the mirror glass 
were specified under separate specification sections, neither 
of the subcontractors had carried the cost of the metal 


frames. 


Unclear Drawings 


Just as specifications can be unclear, drawings can be vague, 
contradictory, and misleading. Drawings of a particular 
component, subsystem, or system usually appear more than once 
and sometimes many times throughout the set of contract 
Grawings. This increases the chances for a particular item to 


be drawn differently within the same set of drawings. 


Drawings of components, subsystems and systems can also be 
unclear due simply to the difficulty of representing three 


dimensional objects in two dimensions. An inexperienced 
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person would be perplexed by the drawings for the head, jamb, 
and sill details of a window assembly for example. For the 
proper communication of the designer’s intent, both the 
designer and the constructor must speak and read the same 
language of drawings and symbols. Both must understand the 
viewpoint of the drawing, i.e. the direction of the 
orthographic projection. Also, both must agree on a standard 


set of symbols and their meanings. 


Beyond an agreement on graphic standards, and a mutual 
understanding of the drawing conventions, is the requirement 
to be thorough and consistent. This responsibility exists 
between the designers and constructors, but significantly, 
exists between the designers themselves as they share their 
drawings during the design phase to accommodate system design 
and coordinate system designs. It 1s essential that all 
designers work from the latest drawing updates, and that any 
changes that are made late in the design phase to a specific 
drawing, are also made to all associated drawings. Failure to 
update and account for modifications cause inconsistencies and 
confusion during the bidding and construction phases of a 


project. 


An example of unclear drawings occurred on the ASWOC project 
in the drawings for the fuel oil pump system. Some drawings 


showed two pumps, one for each fuel oil day tank. Other 
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drawings showed four pumps, the two for the day tanks, plus 
back-up pumps for each. At some point in the design process 
someone had either decided for or against back-up pumps, but 
only half of the drawings were ever modified accordingly. In 
the end it was clear that the contractor could only be held 
responsible for providing two pumps, as he reasonably assumed 


that the designer did not intend to require back-up pumps. 


summary 


In this chapter we established categories for constructibility 
problems and opportunities. The generic categories were 
summed up into the three general categories of practicability, 
correctness, and clarity. Each category was illustrated with 
one or more examples from four case study buildings. The 
categories comprise the issues of constructibility that 
constructors and construction contract administrators deal 
with on a daily basis. DeSigners must be aware of the 
problems and opportunities which these issues represent, when 
designing a building’s systems, subsystems, and components. 
Those who are creating tools for design should be aware that 
these issues must be addressed by the tool if it is to be of 


practical use. The next chapter will suggest strategies for 
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effectively addressing the issues of constructibility with the 


use of new building design technologies. 
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CHAPTER FOUR - STRATEGIES FOR IMPROVING CONSTRUCTIBILITY 


maereduction 


Thus far we have investigated the context and nature of 
constructibility. In this chapter we will present some 
thoughts on strategies for improving the constructibility of 
building designs. First we will discuss the location of the 
responsibility for constructibility, and question the current 
strategy of the constructibility review. We will propose that 
the constructibility review is not optimal because it 
delegates the responsibility to nondesigners who are 
constrained by time and knowledge capacity. We will argue 
that constructibility is optimally addressed during the design 


process by the designers. 


If constructibility is most effectively addressed by designers 
during the design process, designers must be equipped with the 
knowledge and tools required to carry out their 
responsibility. This leads us to an investigation of the 
nature of the design tools of the future, CAD systems and 
knowledge based expert systems. We will argue that these 
emerging tools should be configured so as to facilitate the 
optimization of the constructibility attribute of a design. 

We will propose some tactics which might be compatible to the 


problem and the tools. Finally, we will suggest some sources 
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of constructibility knowledge, and methods by which it can be 


attained and organized. 


Responsibility for a Design’s Constructibility 


In the Navy and elsewhere, a design’s constructibility is 
primarily the responsibility of the design team, i.e. the 
architects and engineers who design and prepare the 
construction documents. However, because constructibility 
deals primarily with knowledge of construction techniques, 
equipment, practices, and concerns, designers normally do not 
readily recognize constructibility as their responsibility. 
This 1S because designers are primarily concerned with how the 
building will look and perform, while construction issues are 


considered the constructor’s problems. 


But what all designers must realize is that they are preparing 
a description of the building for the constructors, and it is 
this description which inextricably binds them into a 
relationship with the constructors, and therefore a share in 
their concerns. As shown in chapter 1, the construction 
documents prepared by the designers are the basis of almost 
all construction activity, be it estimating and bidding the 
work, procuring material and equipment, scheduling work, 


packaging subcontracts, producing and submitting shop 
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drawings, or inspection of the work. Try as they might to be 
able to concentrate only on "design", design professionals 
will never be able to disassociate themselves or their work 


from construction activities. 


Perhaps the problem is that designers are uncomfortable when 
it comes to constructibility because they were not trained in 
construction or have little construction experience. 

Certainly this is the case for most young designers and it can 
hardly be avoided unless years are added to the curricula of 
college programs. Since this is not a feasible alternative, 
construction knowledge can be gained only through years of 


experience, asking questions, and learning from mistakes. 


The Constructibility Review 


As a result of the fact that designers may lack the 
construction knowledge to fully carry out their 
responsibility, the Constructibility Review has been 
incorporated between the design and construction phases of 
most projects. The reviews are performed by construction 
managers, construction contract administrators, and others who 
are involved with construction phase activities. We will 
briefly describe the Navy’s constructibility review program in 


the next section. 
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Constructibility Review Programs 


Many excellent constructibility review formats and guides have 
been developed. The Navy has based its constructibility 
review guidance on the "Redicheck" system developed by William 
T. Nigro, (See Appendix B) John Snyder has written a guide 
for constructability reviews°?? for the Navy for the benefit of 
inexperienced personnel. Integrated design and construction 
firms such as Badger also have design reviews by the 
construction division of the company. O’Connor Rusch, and 
Schulz©®9 indicate that many of the member companies of the 
Construction Industry Institute have formal constructability 
programs with written guidance. The Navy’s constructibility 
review procedure is probably similar to most and is presented 


graphically in figure 4.1. 


59 John L. Snyder, "Guidance for Constructability Reviews 
of Pre-Final Navy Construction Contract Documents" (Master’s 
Report, University of Florida, 1985). 


60 James T. O’Connor, Stephen E. Rusch, and Martin J. 
Schulz, "Constructability Concepts for Engineering and 


Procurement," Journal of Construction Engineering and 
Memecement Vol. 113 No. 2 (June 1987): 236-237. 
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LOCATION ETC. 


System 
Cesigner 


Owner's 

Design 

Manager 

Owner's 

Construction 

Manager X X 
On-Site 

Construction 

Management/ 

Administrators 


Step 1: System Designers prepare drawings and specifications. 
Step 2: Architect or lead designer compiles drawings and specifications for all systems and 
submits them for review. 


Step 3: The owner's design manager accepts drawings and specifications for review - distributes 
a copy to construction management division. 

Step 4: Construction management division reviews documents and sends a copy to the field office 
for review. 


Step 5: On-site construction managers review drawings and specifications for constructibility 
and make comments and suggestions. 


Subsequent Steps: The comments and suggestions go back along the same chain until they get to 
the system designers. The system designers consider the comments and make modifications 
as they see fit. Replies to all comments go back through the chain to the on-site CMs. 


FIGURE 4.1 Constructibility Review Procedure 


Figure 4.1 shows that a design must be passed through many 
hands (taking much precious time) by the time it is reviewed 
fPeeeeonstructibility and returned to the designers for 
changes, corrections and additions. Inherent in this standard 
process is the fact that design decisions are made without the 
Pem@erit Of a constructibility perspective, (i.e. 
constructibility issues are not considered during the 
"Appraisal" phase of the fundamental design process described 
in Chapter 1) and much of the constructibility ends up being 
Bemecd into the design if there is time. Significant 


constructibility improvements discovered during a 
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constructibility review can require a redesign of one or more 
of the building systems. The comments in constructibility 
reviews are often taken as attacks on the competence of the 
designers. Redesign effort is often not undertaken because of 


designer resistance to criticism from "mere" constructors. 


As a result of the constructibility review process, the 
responsibility of addressing constructibility issues has 
shifted, in the eyes of many designers, to others. This shift 
in responsibility has resulted in complications which will be 


described below. 


The Effectiveness of the Constructibility Review 


The practice of having construction personnel performing 
constructibility reviews is naturally subject to the 
constraints of time and the availability and capabilities of 
the reviewers. The corrections and changes to the 
construction documents, as required by the comments and 
Suggestions from the reviews, are subject to the project 
schedule as well as to the demeanor of the designer concerning 
his receptivity to critique and suggestion. These factors 
thus limit the effectiveness of constructibility reviews. If 
a reviewer has limited time to perform the review, limited 


knowledge (we all have limited knowledge), and/or limited 
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access to pertinent information, he cannot be thorough. Some 
problems may be caught and some opportunities recognized, but 
not all. An experienced reviewer, if he has limited time, 
will most likely only check the documents for mistakes that 
have previously caused him his biggest headaches. Designers 
who are under pressure to meet submission schedules, may be 
reticent to redesign portions of the work as might be 
suggested by review comments, especially if it is even 
marginally acceptable. If contract solicitation is imminent, 
suggested changes which involve redesign of multiple systems, 
will most likely be dismissed as impractical at this phase of 


design. 


Constructibility Tools 


Constructibility reviews have been shown to place the 
responsibility of a design’s constructibility on the shoulders 
of nondesigners, with questionable effectiveness. We would 
argue that constructibility should be addressed by designers. 
However, if we do this, we should be willing to offer the 
tools which they will need to re-assume the responsibility. 

We will now take a look at the design tools which are emerging 
aS promising applicants for assisting the designer in the area 


eemeonstructibility. 
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Computer Aided Design (CAD) 


A study by Atkin and Gill®! indicates that CAD systems are 
evolving from simple drafting tools to powerful design 
environments that are suggesting changes to the traditional 
organizations and methods of building procurement. Integrated 
CAD systems, the linking of programs to run different 
applications from the same database are being developed. The 
idea of a disintegrated model has been offered as a compromise 
to the fully integrated design system. It is claimed to be 
suited to the multi-disciplinary organization of the building 
design team, and allows the systems of the building design to 
be controlled by individual disciplines. Each designer is 
then able to be concerned with only the information relevant 
to his task at hand. Also of particular encouraging 
developments is an international graphic standards effort, 
with IGES (Initial Graphics Exchange Specification) vying for 


domination. 


Atkin and Gill conclude that the ultimate CAD system for 
building design will be of the component based, 3-D modeling 
variety. They have developed a configuration of an 
experimental integrated system which is capable of providing 
information for management purposes, in addition to producing 

61 Brian L. Atkin and E. Moira Gill, "CAD and Management of 
Construction Projects," Journal of Construction Engineering and 
Management Vol. 112 No. 4 (December 1986): 557-565. 
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drawings. It uses a Relational Database Management System to 
manipulate an information base containing details of 
specifications, costs, durations and resources. The RDBMS 
accepts graphical data input from a CAD system and relates 
them to their associated nongraphical data. This 
configuration was based on a system developed by a 
manufacturer of timber framed buildings. Their CAD system 
comprised a graphics subsystem with a graphics library that 
was used to arrange components hierarchically. However there 
was a dramatic loss of processing speed when even relatively 
small amounts of nongraphical (attribute) data were accessed. 
This was overcome by the introduction of the RDBMS to 


complement the CAD system’s own database. 


Knowledge Based Expert Systems 


Knowledge Based Expert Systems, (KBES), are specially designed 
computer programs that solve problems, within a certain 
domain, in the same manner as would a human expert. They are 
a form of artificial intelligence, and have come to be used in 
a number of fields and are currently beginning to appear in 


the design and construction industries. 
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Sriram®* describes the development of KBES, and emphasizes 
that the use of heuristics to narrow down the search for an 
answer 1S a main distinguishing factor in human problem 
solving. The use of heuristics, which are rules of thumb, 
tricks, strategies, or any device which reduces the search in 
large problem spaces, iS a main factor which sets KBES apart 


from traditional programs. 


KBES are especially suited for problems for which there is no 
clear algorithmic solution. They have been developed, for 
instance, in the field of medicine for diagnosis and in the 
field of engineering for such things as the design of concrete 
beam and column connections, weld design and selection, and 
are currently being developed by such firms as Bechtel®? and 
Stone and Webster for building design and construction. 4 

Many other fields are beginning to develop KBES, and it is 
clear that this form of artificial intelligence will be in 


widespread use in the construction industry in a few years. ©? 


62 p, Sriram, "Knowledge Based Expert Systems: An 


Overview," in Knowledge Based Expert Systems for Engineering, 
Pewee. criram (draft copy, 1987), p. 2. 


63 Timothy S. Killen, Manager of Engineering and 
Construction Technologies Research and Development, Bechtel 
National, Inc., Lecture at M.I.T. in March, 1988. 


64 Charmaine Harris-Stewart, "Artificial Intelligence 
Gains in Construction," ENR (April 21, 1988): 34-37. 


65 c. William Ibbs, "Future Directions for Computerized 


Construction Research," Journal of Construction Engineering and 
Management Vol. 112 No. 3 (September 1986): 326-345. 
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A New Approach 


If our goal is to apply new design technology to the challenge 
Smeepcimizing constructibility, our first question must be do 
we just automate the constructibility review process, or do we 


approach the challenge from a different direction? 


Recognizing the limitations of optimizing constructibility via 
the constructibility review method, and acknowledging the fact 
that constructibility is an attribute of the design, we 
propose that the whole concept of the constructibility review 
needs to be, (and can be), replaced as the primary method by 
which a design’s constructibility is optimized. In light of 
our understanding of the design process, the construction 
process, the capabilities of CAD and knowledge based expert 
systems, and the issues of constructibility, We would propose 
that the challenge of optimizing constructibility boils down 
to providing a design environment in which constructibility 
issues can be conveniently considered and resolved by the 


designers during the design process. 


In the remaining sections of this chapter we will propose a 
conceptual outline of such an environment and strategies by 
which constructibility can be optimized. We will propose 
methods of obtaining, representing, and utilizing 


constructibility knowledge so that all of the constructibility 
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issues described in chapter three can be addressed effectively 
GQuring a project’s design phase. We will begin with a 
discussion of a design environment which would help designers 
meet the challenge of the responsibility of ensuring the 


optimal constructibility of their design. 


A Design Environment 


We know that Knowledge Based Expert Systems for design are 
being developed to help human designers solve specific 
building system design problems. The component based 
configuration of the optimal CAD system described above by 
Atkin and Gill suggests a marriage between object oriented 


KBES and a CAD system. 


From the above mentioned developments we would conclude that a 
building design environment will be developed based on a 3-D 
component based graphic standards. Object oriented knowledge 
based expert systems for building design as well as 
construction management will recognize and manipulate the 
standard graphic components as objects. Expert systems for 
design will advise on the selection and configuration of 
objects, while an expert system for scheduling or quantity 
take-off will interpret the configurations of the objects for 


their specific purpose. The building object will be 
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represented hierarchically as an assemblage of building system 
objects, which are assemblages of subsystem objects, which are 


assemblages of component objects. 


Expert System Design Modules 


Knowledge Based Expert System Design Modules seem to be the 
basic design tools of the future. Ideally they should be able 
to be connected to a 3D component based CAD graphics package 
as well as have the ability to advise the designer on the 
selection and configuration of building systems, subsystems, 
and components. The way building design is presently 
successfully organized, i.e. by design discipline, building 
system, and phase of design as examined in chapter 1, suggests 
that KBES design advisors should be based on the same 
organization. Thus you would not create an expert system that 
attempts to advise on the design of a whole building, but 
rather only for the use of a single design discipline for a 
particular building system, at a specific phase of design. 
Such individual design modules could then be assembled into 
building system design advisor packages. A graphic 
description of the proposed organization of KBES design 


modules, and module packages is shown in figure 4.2 below. 
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Building System 
Design Advisor 
Package 


Contains numerous Design Advisor 
Modules relevant to the 
specific building system. 










Design Advisor 
Module 


Advises on the design of 
a specific subsystem at 
a specific phase of design. 


FIGURE 4.2 Organization of KBES Design Modules 
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Configuring KBES Design Modules for Constructibility 


In order to be of practical use, KBES Building System Design 
Modules must be designed to address each category of the 
constructibility issues of practicability, correctness, and 
clarity. They should be able to provide designers with the 
constructibility knowledge pertinent to the design task at 
hand. KBES design advisors should lead the human designer 
through an interactive design session which will ensure that 
constructibility problems are avoided and that 


constructibility opportunities are recognized and exploited. 


The fact that experts will be consulted to create The KBES 
design modules will go a long way in ensuring the 
constructibility of the design produced with these systems. 
The three dimensional modeling capability inherent when design 
is performed on a three dimenSional, component based format 
will also in itself have a direct effect in ensuring that some 
of the constructibility categories are addressed. As 
mentioned previously, Bechtel’s program for three dimensional 
modeling automatically detects and highlights interferences. 
The same modeling capability will allow visual simulation of 
construction operations which could expose accessibility 
problems early on, and help in the identification of 
opportunities to adjust the design to make use of optimal 


construction equipment placements. 
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Seraregies and Tactics for Optimizing Constructibility 


In the last few pages we have developed some overall 
strategies for optimizing the constructibility of a building 
design. They are: 

1. Addressing constructibility issues during the design 
process; 

2. Designing in a three dimensional, component based format; 
and 

3. Utilizing KBES design modules tailored for specific 
building systems at specific phases of design. 

Some tactics which could be used within these overall 
strategies include design guidelines and checklists, expert 
selection and sizing, and knowledgeable objects. The concept 


of these tactics will now be briefly described. 


Guidelines and Checklists 


The concept of design guidelines and checklists could be 
utilized as a tactic to address many of the constructibility 
categories. Such guide/checklists could be the organizational 
basis of the design process of each KBES design module. 
Guidelines Publications of Orinda, California has published 


design guidelines and checklists for the construction 


148 





documents phase of architectural drawings.©® The idea behind 
guidelines and checklists is that there are so many 
considerations which must be addressed when designing, that a 
person cannot be expected to remember all of them. Thus the 
guide/checklist is first a memory aid. Secondly 
guide/checklists can provide a record of design decisions, 
their controlling factors, and the identity of the decision 
makers. Such a record can prove invaluable during the 
construction phase of a project when a building system may 


need to be modified. 


The guidelines could include information pertaining to the 
capabilities of construction tools, equipment, techniques and 
materials which would limit or enhance the use of certain 
design elements. A guideline/checklist format for each design 
module would contain only the appropriate information required 
for the specific building system and design phase. Thus the 
designer would not be forced to consider extraneous 
information. The use of the design module for the subsequent 
phase of design could be made dependent upon the completion of 
the checklist from the previous phase. Objects created ina 
module could be released for transfer to the next module for 


further refinement when checklists are complete. 


66 architectural Working Drawing Checklist I: Commercial, 
Institutional, and Other Heavy Frame Construction (Orinda, 
California: Guidelines Publications, 1974). 
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Expert Selection and Sizing 


The concept of Expert Selection is based on the ability of 
knowledge based expert systems to act as human expert 
consultants would in a system, subsystem, and component design 
scenario. An example of such a system would be ROOFUS®/, a 
system conceived by the author for assistance in the selection 
of roof systems for buildings. The system envisioned would 
select the appropriate roof system which consists of roof 
slope, roof deck, insulation, roofing membrane, and fastening 
system by considering site characteristics, the climate, 
elements of the building program, owners and/or designers 
desires, the structural system of the building, budget and 


other priorities of the building project. 


Each KBES design module would contain similar facilities 
appropriate to the particular building system and design 
phase. The designer would be in effect consulting with the 
system on an interactive basis. The computer would take much 
less time than a human designer would to analyze the situation 
and then compare the relative merits of sometimes the hundreds 
of choices available to a designer. The systems would need to 
have a competent user interface, an explanation facility, and 


a knowledge acquisition module through which they could be 


67 Daniel A. Berenato, "Roofus," a class BEeOvVect £LOr 4 
class at M.I.T. given by D. Sriram, Fall Semester 1987. 
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kept up to date.©8 a graphics library for components could be 
part of each KBES design module. A copy of the standard 
graphics of the components selected by the designer and the 
expert selector could then be put into the building model 
database. The use of standard graphics would help with the 
clarity of the drawings and enable other design or 
construction management programs to be run off of information 
in the drawings. Specifications for the selected components 
could also be transferred from the design module to the 
building specifications database, ensuring that all components 


of the design are covered in the specifications. 


The concept of expert sizing is Similar to expert selection, 
except that the designer interacts with the KBES to size and 
configure engineered components. An example of this would be 
the system being designed by Attilla Banki at MIT which 
designs beam and column joints for a reinforced concrete 
structural system. The designer interacts with the KBES to 
select the appropriate sized rebar, its configuration, 
development lengths, etc.. Other programs have been designed 
to size and configure other framing systems and elements. 
Expert sizing directly addresses the constructibility category 
of Inoperable/Unfeasible design. Ideally, the sizes and 

68 all KBES should incorporate the graceful user interface, 
explanation facility, and knowledge-acquisition module for real 
world use. The whole KBES design module should have these 
three characteristics, not just the expert selector portion of 


the module. 
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configurations selected with the assistance of a KBES would 
not only be adequate to support the loads imposed, but optimal 
in regard to other constructibility considerations, budget 


limitations, and life cycle costs. 


Knowledgeable Objects 


The concept of knowledgeable objects is based on the idea that 
objects in an object oriented paradigm can send messages and 
perform operations. Thus, an object can be programmed to send 
a message to the designer if it recognizes itself ina 
Situation that presents a constructibility problem or offers a 
Sem@ecructibility opportunity. An example of this would be 
the case of a mechanical component above a sheetrock ceiling, 
in that the mechanical object could recognize its need to have 
an associated ceiling access panel since it is an object that 
requires maintenance and is above a sheetrock ceiling. It 
would send a message to the designers to ensure that an access 
panel is provided in the correct location. This knowledge 


would be demon-like knowledge and only used if required. 


The knowledgeable objects could also be readily updated with 
new constructibility knowledge as problems in the field are 


passed back to the designers. This learning process would 
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help solve the problem associated with the retirement of 
designers and the loss of their experience. Their experiences 
of problems and opportunities could be saved within the 


objects for others to use. 


Avoiding Cumbersome Objects 


If the design modules are specific to a phase, the objects in 
each module would only be required to hold constructibility 
knowledge pertinent to the object in that particular phase. 
Besides having specific knowledge distributed between design 
modules, cumbersome objects could be avoided by a requirement 
for the knowledge to meet a usefulness threshold before it is 
inserted into an object. Mr. Dan Thompson, author of the 
Producibility Assurance Manual for Bath Iron Works, indicates 
that producibility and/or constructibility items should be 
prioritized by their cost/benefit ratio, with individual items 
having to have a certain ratio before they are introduced into 
the producibility/constructibility assurance system.©? The 
problem of collecting the constructibility knowledge also 
presents itself at this point, and will be discussed in the 


next section of this chapter. 


69 Interview with Mr. Dan Thompson, of Coastal Group 
Technology, June 26 and July 7, 1988. 
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Collecting Constructibility Knowledge 


We have thus far presented a strategy by which the 
constructibility of building designs can be improved. The 
basis of the strategy is to address constructibility issues 
during the proper phase of the design process, as opposed to 
relying on post design reviews. The strategy includes the 
performance of design in a three dimensional, component based 
graphics environment. Also proposed is the use of an Object 
Oriented Knowledge Based Expert System paradigm, supporting 
the design process with guidelines and checklists, expert 


selection and sizing, and knowledgeable objects. 


In order to create a Knowledge based expert system, one of the 
Major tasks is the collection of domain knowledge which can be 
represented in the format required by the KBES paradigm being 
used. KBES for design must of course include knowledge of the 
design process and specific domain knowledge of the system 
being designed. We have previously argued that 
constructibility knowledge should be used during building 
design, and therefore KBES for building design should include 
constructibility knowledge. Design knowledge can be solicited 
from designers, but most designers are not the ideal source of 
constructibility knowledge. I would propose that construction 
projects should be used as the primary source of 


constructibility knowledge. A secondary source of 
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constructibility knowledge, especially knowledge in the 
constructibility category of Advanced/New Technologies, would 
be trade journals and research journals covering construction 


activities. 


Construction Projects 


The constructibility problems and opportunities of a building 
construction project are formalized and recorded in change 
orders, field changes, and claims. The documentation required 
for these includes reasons and causes, as well as detailed 
descriptions of the problem, opportunity, or dispute. In 
essence, the knowledge required to prevent change orders in 
pending projects iS available right in the change order 


documentation of past projects. 


To collect this knowledge, knowledge engineers could analyze 
change order, field change, and claim documentation in the 
files of both owners and constructors. Questions which would 
need to be answered are: 

1. What is the constructibility problem or opportunity? 

2. In what phase of design should the problem or opportunity 
have been addressed? 

3. What building systems are involved? 


4. What knowledge was required to recognize the problem or 
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Gepper tunity? 

5. What knowledge was required to solve the problem or 
implement the opportunity? 

6. What was the cause (constructibility category) of the 


problem or opportunity? 


By finding the answers to these questions, knowledge engineers 
could then determine the best ways to represent and utilize 
the knowledge within the design modules. The different 
strategies and tactics proposed earlier in the chapter could 
be used or new tactics developed. The knowledge engineer 
would also be able to place the knowledge in the design module 
which would be most appropriate. This would ensure that 
problems and opportunities are addressed as early as possible 


in order for the project to gain the most benefit. 


Constructibility Opportunities in New Technologies 


In a Similar way, constructibility opportunities inherent in 
advanced and new technologies should be analyzed and the 
knowledge represented and utilized within KBES design modules. 
Advances in the areas of construction materials, equipment, 
and techniques could be collected from trade journals, 
scholarly journals and manufacturers. The constructibility 


knowledge inherent in this information could be represented by 
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knowledge engineers for the use of designers. The basic KBES 
design module should have a knowledge acquisition facility 
which could be used by designers to easily incorporate new 
techniques, equipment capabilities, and material 
characteristics, into the modules. Manufacturers could also 
be taught the format, and could provide users and distributors 
of the design modules with the information already in the 


Gemprect format. 


Other Sources of Constructibility Knowledge 


Besides the above mentioned methods of collecting 
constructibility knowledge, O’Connor et al have collected 
constructability ideas through on site voluntary surveys, 
questionnaires, interviews, preconstruction meeting notes, 
final project reports, and engineering and construction rework 
documentation./971 In general, all types of Knowledge 
collection methods should be pursued for the original creation 
of the KBES design modules. The collection of knowledge by 
Similar methods should then be pursued by the users of the 

70 James T. O’Connor , Mark A. Larimore, and Richard L. 
Tucker, "Collecting Constructability Improvement Ideas," 
Journal of Construction Engineering and Management Vol. 112, 
No. 4 (December 1986): 463-475. 

71 James T. O’Connor and Richard L. Tucker, "Industrial 


Project Constructibility Improvement," Journal of Construction 
Engineering and Management Vol. 112, No. 1 (March 1986): 69-82. 
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systems according to the philosophy of "never ending 


improvement". 


Organizing Constructibility Knowledge 


As constructibility knowledge for use in KBES design modules 
is collected, it would most advantageously be organized by 
constructibility category, phase of design, and building 
system. When analyzing additive, deductive, and value 
engineering change orders and claims, the costs and benefits 
associated with the item should also be collected. If the 
information is organized in this way, it may become apparent 
where problems are most likely to occur and where 
opportunities are most likely to be found. The costs and 
benefits data would also give the knowledge engineer an idea 


of where to concentrate his knowledge collection efforts. 


Ideally, constructibility knowledge should be collected also 
according to building type. Different building types will 
most likely have different constructibility profiles. Such 


profiles would also give the knowledge engineer direction as 


he developed strategies and tactics with which to optimize the 


constructibility of the completed design. 
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Summary 


In this chapter we presented the argument that a building 
design’s constructibility is the responsibility of the 
desiqners of the building. We showed that this attribute was 
not effectively optimized by constructibility reviews and 
therefore proposed that it should be addressed during each 
phase of the design process. In light of this conclusion and 
the fact that many designers do not possess extensive 
constructibility knowledge, we determined that designers 
needed a design tool to help them optimize constructibility. 
We proposed that the tool might be a three dimensional, 
component based graphic design environment, implemented in an 
object oriented knowledge based expert system paradigm. The 
system would be composed of packages of design modules, 
organized by building system and phase of design. The system 
would utilize graphic standards which could be recognized and 


utilized by other construction management programs. 


The KBES design modules would lead a designer through the 
design process with guidelines and checklists and provide 
expert selection and sizing assistance. By incorporating 
constructibility knowledge into generic objects to be used by 
the designer, the objects could possibly recognize when they 
might, (in conjunction or disjunction with other objects), 


cause a constructibility problem or present a constructibility 


she, 





opportunity. By sending messages, the objects could ensure 


that the problem or opportunity is considered by the designer. 


In order to represent and implement constructibility knowledge 
within the KBES design modules, the knowledge must first be 
collected by the knowledge engineer. We proposed that an 
ideal place to look would be the change order, field change, 
and claim documentation of past building construction 
projects. Additional sources of constructibility knowledge 
would be the trade and research journals of the construction 
industry, as well as questionnaires and other job site 
surveys. Ideally, the knowledge collected should be organized 
according to building system, phase of design, and 
constructibility category. Constructibility profiles of 
different building types could then be developed and serve as 
guides to show the knowledge engineer where to concentrate his 


efforts. 
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CHAPTER FIVE - CONCLUSIONS AND RECOMMENDATIONS 


Summary and Conclusions 


It was the purpose of this thesis to respond to the research 
needs for future computerized construction applications by 
examining the specific concept of constructibility. We have 
attempted to illuminate the issues of constructibility for the 
benefit of knowledge engineers who will be providing these 


tools. 


Our approach has been to examine the nature of the processes 
and players which take a desire or need of an owner and turn 
it into the "bricks and mortar" of a finished building 
structure. This effort was required to establish the context 
of the concept of constructibility. Once we established a 
picture in our mind of the context, we were able to examine 


and try to understand the concept of constructibility itself. 


Constructibility is an attribute of a building’s design, and 
is the most important attribute of the design during the 
construction phase of a building project. Building designs 
which are deficient in constructibility can severely affect 
both the monetary and time budgets of building projects. The 


avoidance of constructibility problems and the recognition and 
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development of constructibility opportunities should be a 
Significant concern of designers during each phase of the 


building design process. 


In order to gain an understanding of the issues of 
constructibility, we examined the construction phase of four 
case study building projects. We developed the three major 
issues of constructibility and further categorized the generic 
problems and opportunities of constructibility. We examined 
actual examples from the case study projects to illustrate 
each category. Our opinion is that all constructibility 
problems and opportunities inherent in a building design can 


fit neatly into one of these generic categories. 


In the last section of the thesis we proposed some strategies 
with which constructibility could be optimized. Our opinion 
is that the current method of performing constructibility 
reviews of completed designs is not optimal. Since 
constructibility is an attribute of design, we propose that 
constructibility issues be addressed during each phase of the 
design process by the deSigners. In order to do this, 
however, designers will need a tool which will give them ready 


access to constructibility knowledge. 


In light of the current capabilities of computer aided design 


(CAD) systems and the emergence of knowledge based expert 
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systems into the field of engineering, we proposed that the 
overall tool should be a three dimensional, component based, 
graphic design environment implemented in an object oriented 
knowledge based expert system paradigm. Tactics to optimize 
constructibility within this environment include design 
guidelines and checklists, expert sizing and selection 
assistants, and knowledgeable objects. The design environment 
would be the basis of packages of KBES design modules. Each 
module would assist the designer in the design of a particular 
building system at a particular phase of design. Finally, the 
graphics for the system would be based on international 
graphic standards which would make the building model thus 


produced accessible by other construction management programs. 


In order to collect constructibility knowledge to incorporate 
into the individual KBES design modules, we propose that the 
change order, field change, and claim documentation of 
building projects be analyzed. Constructibility knowledge 
gained from this analysis should be organized by building 
system, phase of design, and constructibility category. 
Knowledge engineers could gain insight into where the problems 
and opportunities of different building types are concentrated 
by examining the constructibility profile attained from the 
mapping of knowledge thus attained and organized. We believe 
that different constructibility issues will prevail depending 


on the phase of design and the building systen. 
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Recommendations for Subsequent Research 


As suggested by the strategies proposed to optimize the 
constructibility of building designs, the creation of a 
generic design environment seems to be called for at this 
time. Concurrently, the knowledge required to create the KBES 
design modules should be collected and organized. The other 
attributes of a building design, for example its 
maintainability and operability, also should be addressed 
during design, and therefore the design environment should be 
amenable to addressing the issues of these other attributes. 
An investigation into the nature and characteristics of the 
knowledge of all of the attributes of a building design should 
be performed to give knowledge engineers an understanding of 
all of the issues which the design environment must be able to 


accommodate. 


In regard to the creation of the design environment, it seems 
that all research and development of individual design 
modules, for any building system and design phase, should be 
coordinated. Thus the different departments in the schools of 
engineering and architecture, which are concerned with the 
design or construction of buildings or building systems, 
(architecture, planning, civil, mechanical, and electrical 
engineering), should participate in the effort to develop the 


design environment. Knowledge and techniques already 
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developed could be shared, and a prototype system could result 


from the synergy of the collective ideas. 


fimetosing 


We hope that the context and concept of constructibility has 
been illuminated, and that the general strategies proposed 
will prove helpful to knowledge engineers as they create the 
design tools of the future. In the long run, we trust that 
designers will be given better tools with which to design, and 


that superior design will be the result. 
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APPENDIX A Design Phases 


Design Phases/2 


Phase I Pre-Design Services 


Develop Project Schedule 

Project Programming 

Space and Flow Diagrams 

Budgeting 

Coordination with Government 

Cost Feasibility 

Site Survey and Soils Investigation 


NOOO PWN 


Phase II Site Development 


1. Analysis and Selection of Project Site 
2. Master Planning 

3. Detailed Site Studies 

4. On-Site and Off-Site Utility Studies 


Phase III Schematic Design 


-Present various configurations to the owner for its 
consideration and selection. 


-Schematic Diagrams 
-Engineering evaluation of building system alternatives 


-Preliminary construction cost estimate 


72 These are the nine phases listed by the American 
Institute of Architects in which the designers’ services may 
be performed. They are from Scope of Designated Services, AIA 
Document B162 (1977 ed.). The descriptive notes of the phases 
are from: Irv Richter and Roy S. Mitchell, Handbook of 
Construction Law and Claims (Reston, Virginia: Reston 
Publishing Company, Inc., 1982), pp. 46-54. 
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Phase IV Design Development 


-~Engineered building systems are refined and incorporated into 
the architectural drawings 


-The size, form, and appearance of the project are defined by 
sketches and drawings 


-Construction cost estimate is further refined 


- Also if requested: Models or renderings, Landscape design, 
Interior design, Furniture and Fixture design 


Phase V Construction Documents 
-~Detailed project drawings are prepared 


-Specifications and General Conditions to the contract are 
developed 


-Bidding information is developed 


-Permits or approvals required by the Government in 
jurisdiction are secured 


1. Architectural working drawings 
2. Structural working drawings 

3. Civil working drawings 

4. Mechanical working drawings 

5. Electrical working drawings 

6. Specialty working drawings 


-Construction cost estimate is further refined 


Phase VI Bidding and Contract Negotiations 


-Prepare bidding documents 
-Secure bidders 

-Review of bids and proposals 
~Negotiations 

-Award of contracts 
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Phase VII Construction Services 


1. Periodic observation of the work for compliance with the 
specifications 


2. Monitoring of job progress 
3. Interpretation of drawings and specifications 
4. Resolution of field problems associated with design 


5. Review and approval of contractor requests for partial 
payment 


6. Preparation of change orders 
7. Review and negotiation of the fair cost of change orders 


8. Review and approval of submissions by the contractor such 
as shop drawings and sample materials 


9. Determination (through an inspection at the time) of 
substantial completion of all or designated portion(s) of the 
work 


10. Preparation of punch list for items yet to be 
satisfactorily completed 


11. Final inspection and acceptance of the project 


Phase VIII Post Construction Services 
1. Preparation of record drawings 
2. Operational Programming 


3. Review of warranties 


Phase IX Special Services 


. Appraisals 
Fine Arts Studies 
. Computer Applications 
Expert Witness Testimony 
. Detailed Material Take-Offs 
- Color Selection 


. Value Engineering Studies 


a 
2 
3 
“ 
5 
6 
7 
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APPENDIX B "“Redicheck" Constructibility Review/3 


11-02-82 
Copyright Pending 


Reet rhc SePrCleLurrs SCRes an Ale SPECIFICATION CHECKS 


1. Preliminary Review 


a) Quickly maxe an overview of all sheets spending no more than one 
minute/sheet to become familiar with the project. 
Zi SSSI PIG On neck 
a) Gneck specs for bia items. 


tu 
e 


a) 
b 
Cc) 
a) 
e) 
i 
g) 
h) 
i) 


3) 


~~ 


k) 
1) 
m) 
n) 
o) 
P) 


Plan Theck Structural 


Verify prooerty line cimensions on site plan against architectural. 
Verify building is located beniné set back lines. 

Verify column lines on structural and arcnitectural. 

Verify all column locations are same on structural and architectural. 
Verify perimeter slap on structural matches architectural. 

Verify all depressed or raisec slabs are inaicated. 

Verify slab elevations. 

Verify all founcation piers are icentified. 

Verify all foundation beams are identified. 

Verify roof framing plan column lines and columns against foundaticn 
plan column lines and columns. 

Verify perimeter roof line against architectural roof plan. 

Verify all columns ané beams are listea in column and beam schedules. 
Verify length of all columns in column schedule. 

Verify all sections are properly labeled. 

Verify all expansion joint locations against architectural. 

Verify dimensions. 


4. Plan Theck Architectural 


a) 
D) 


Verify all corcrete columns and walls against structural. 

Verify on site plans that all existing and new work is clearly 
identified. 

Verify cullding elevations against floor plans. Check in particular 
roof lines, window anc Goor openings, and expansion joints. 

Verify cullding sections against elevations and plans. Check roof 
lines, wincows, anc door locetions. 

Verify wall sections against architectural building sections and 
structural. 

Verify mascnry openings for wincows and doors. 

Verify expansion joints tnrougn building. 

Verify partial flocr plans against small scale floor plans. 

Verify reflected ceiling plan against architectural floor plan to 
ensure no variance with rooms. Cneck ceiling materials against finish 
scneculise, cneck lignt fixture layout against electrical, check ceiling 
diffusers/registers against mechsnical, check all soffits and locations 
of vents. 





73 This was found in the U.S. Naval School, Civil 
Engineer Corps Officers, "Student Guide for Construction 
Contract Administration and Management", Port Hueneme, 


@alifornia, 
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3) Verify all room finign schedule information including room numters, 
nanes of rooms, finishes and ceiling heights. Look for omissions, 
Guplications, and inconsistencies. 

k) Verify all door schedule information including sizes, types, lacels, 
etc. Lock for omissions, duplications, and inconsistencies. 

1) Verify all rated walls. 

m) Verify all cabinets will fit. 

n) Verify Gimensions. 


5. Plan Check Mecnanical ané Plumbine 

a) Verify all new electrical, gas, water, sewer, etc. lines connect to 
existing. 

b) Verify all plumbing fixture locations against architectural. Verify 
all plumbing fixtures against fixture schadule and/or specs. 

c) Verify storm drain system against architectural rocf plan. Verify size 
of all pipes ané that ell drains ar2 connected. Verify wall chases are 
provided on architectural to ccenceal vertical piping. 

G) Verify Sanitary Grain system pipe sizes and all fixtures are connected. 

e) Verify HVAC floor plans against architectural. 

f) Verify sprinkler heads in all rooms. 

g) Verify all sections are identical to architectural/structural. 

h) Verify tnat adequate ceiling height exists at worst case cuct 
intersection. 

i) Verify all structural supports required for mechanical equipment are 
indicated on Structural drawings. 

j) Verify dampers are indicated at smoke ard fire walls. 

k) Verify diffesers against architectural reflected ceiling plan. 

1) Verify all roof penetrations (ducts, fans, etc.) are indicated on roof 
plan 

m) Verify all ductwork is sized. 

nm) Verify all nctes. 

©) Verify all air conditioning units, heaters, anc exhaust fans against 
architectural roof plans and mecnanical schedules. 


6. Plan Cneck Flectrical 
a) Verify all olans are identical to architectural. 
bt) Verify all light fixtures against architectural reflected ceiling plan. 
¢) Verify all major pieces of equipment have electrical connections. 
G) Verify lecetion of all panel boards and that they are indicated on the 
electrical riser diegrem. 
e) Verify all notes. 


7. Plan cneck Kitchen/Lietrayv 
8) Verify equipment layout against architectural plans. 
Db) Verify all equipment is connected to utility syztems. 


8. Firal Plan check - Meke a final plan check with particuler emphasis that 


all bis items are croperly identified throughout the architectural, 
mecnenical, electrical and plunbing Crawinss. 


IEG AS, 





Copyright Pending 
WILLIAM T. NIGRO, ARCHITECT 
2904 JANICE WAY #307, TAMPA, FL 33609 
(813) 228-2921 


THE SEVEN MOST COMMON AREAS OF CONCERN 


1. Do not indicate thicknesses of finish materials/surfaces when alread 
indicated in specs. A conflict immediately develops if one is changed and the 
other 18 not. 


2. Finish materials should be indicated on architectural drawings only. 
Again, for example, if the structural drawings indicate "fluted block” and 
later the architectural is changed there is a good chance the structural will 
not be changed. 





3. Avoid notes such as "see architectural" or "see structural". Always refer 
to a specific detail and sheet. Structural supports or raised concrete pads 
for mechanical equipment should be indicated on structural drawings. 


&. Wall Sections. All wall sections should be shown at relative elevation on 
the same sheet with continuous horizontal reference lines. 


>. Keep the number of sheets to a minimum. Plan ahead what will be on each 


sheet and combine wherever possible. For example architectural, mechanical or 
electrical site plans and roof plans can often be combined om one sheet. The 
potential for reduced drafting time, less conflicts, reduced reprodutiona 
costs, ete. is tremendous. 


6. Avoid match-lines. Plans that are split into portions are difficult to 
read and check. Numerous design errors have been caused by match-lines. 
Avoid them at all costs. 


7. Keep the same orientation on all plans. If possible, keep the North arrow 


in the same direction at all times. It is very confusing to have different 
orientations between architectural, structural, mechanical or electrical plans. 


Je 
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